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This  study  was  performed  under  a  contract  titled  "Stability  Tests 
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of  Riprap  in  Flood  Control  Channels"  between  the  U.S.  Army  Corps  of 
Engineers,  Waterways  Experiment  Station,  Vicksburg,  Mississippi,  and 
Colorado  State  University.  This  report  includes  the  tabulated  and 
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Dr.  Abbas  A.  Fiuzat  of  the  Civil  Engineering  Department,  Colorado  State 
University,  with  supervision  and  technical  advice  of  Dr.  Yung  Hai  Chen, 
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Fort  Collins,  Colorado,  and  Dr.  Daryl  B.  Simons,  Professor  of  Civil 
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Chapter  1 
INTRODUCTION 

1 . 1  Background 

The  study  of  riprap  stability  at  Colorado  State  University  was  a 
supplement  to  previous  studies  conducted  at  the  U.S.  Army  Corps  of 
Engineers  Waterways  Experiment  Station  in  Vicksburg,  Mississippi.  The 
facilities  of  the  Hydraulics  Laboratory,  Engineering  Research  Center, 
Colorado  State  University  allow  the  use  of  larger  flow  rates  and 
velocities,  variable  channel  slopes,  and  larger  sizes  of  riprap  than 
used  in  previous  studies.  This  study  was  necessary  in  order  to  provide 
a  comprehensive  picture  of  the  incipient  motion  of  riprap  material  and 
to  provide  criteria  for  designing  stable  riprap  surfaces  for  erodible 
channel  beds. 

1.2  Objectives  and  Conditions  of  the  Study 

A  proposal  was  prepared  in  agreement  with  WES  to  study  three  sizes 
of  riprap,  namely  3/4-inch,  2-inch,  and  3-inch  median  size.  A  constant 
gradation  for  all  three  sizes  was  to  be  used,  as  shown  in  Figure  1.1. 
Each  riprap  size  was  tested  under  four  flow  rates,  namely,  25,  50,  75, 
and  100  cfs.  For  each  flow  rate  the  flume  slope  was  increased  at  pre¬ 
scribed  increments  (section  2.2),  until  failure  of  the  riprap  surface 
and  exposure  of  the  underlying  filter  blanket  was  observed.  The  slope 
was  then  reduced  one  step  and  the  same  flow  rate  routed  for  a  prolonged 
time  (3-4  hours)  to  make  sure  that  the  riprap  was  stable.  The  testing 
procedures  and  the  data  collection  program  are  explained  in  Section  2.5. 
The  tests  were  arranged  such  that  criteria  for  incipient  motion  of 
riprap  material  could  be  determined. 
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The  experimental  program,  data  analysis,  and  discussion  of  the 
results  are  presented  in  Chapters  2,  3,  and  4  of  this  report.  The 
concluding  chapter  summarizes  the  work,  presents  major  conclusions,  and 
contains  recommendations  for  further  studies  in  relation  to  this 
subject.  All  the  test  data  are  presented  in  the  appendix. 
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Chapter  2 

EXPERIMENTAL  PROGRAM 

2.1  Experimental  Setup 

The  riprap  stability  tests  were  conducted  in  the  8-ft  flume  in  the 
Hydraulics  Laboratory  at  the  Engineering  Research  Center,  Colorado  State 
University.  The  flume  is  8  ft  wide,  4  ft  deep  and  200  ft  long.  The 
flume  is  made  primarily  of  aluminum  sides  and  bottom.  A  portion  of  the 
side  of  the  flume  is  made  by  Plexiglas  to  allow  observation  of  the 
section  under  study.  The  flume  slope  can  be  adjusted  from  0  to 
2  percent.  One  250-hp  pump  and  two  ISO-hp  pumps  can  generate  a  total 
discharge  of  100  cfs.  Two  gates  installed  at  the  downstream  end  of  the 
flume  allow  the  control  of  water  level  in  the  flume  under  subcritical 
flow  conditions.  A  motorized  carriage  can  travel  along  the  flume  for 
carrying  data  collection  instruments  and  photographic  equipment.  A 
schematic  diagram  of  the  flume  and  the  test  section  are  shown  in 
Figure  2.1. 

The  80-ft  flow  development  section  was  utilized  to  create  a 
sufficiently  developed  turbulent  flow  entering  the  test  section.  The 
surface  of  the  20-ft  transition  section  consisted  of  rocks  similar  to 
those  of  flow  development  section  in  the  upstream  end,  gradually 
decreasing  in  size  to  those  of  the  riprap  section.  The  purpose  of  the 
transition  section  was  to  eliminate  the  abrupt  change  in  roughness 
between  the  flow  development  section  and  the  test  section.  Construction 
of  the  riprap  surface  is  explained  in  Section  2.4. 

Downstream  of  the  test  section  the  flume  bottom  was  raised  four 
inches  because  the  drop  from  the  riprap  surface  to  the  original  flume 
bottom  created  high  velocities  at  the  downstream  end  of  the  test  section 
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Figure  2.1.  The  Experimental  Setup 
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and  caused  undesirable  flow  conditions.  Two  traps  downstream  of  the 
test  section  collected  all  the  washed  material  for  the  necessary  size 
analysis. 


2.2  Development  of  the  Range  of  Testing  Conditions 

The  primary  objective  of  this  study  was  to  test  various  sizes  of 
riprap  under  different  flow  conditions  to  evaluate  riprap  stabili  ty. 
The  test  data  were  analyzed  to  determine  if  the  Shields  coefficient  is  a 
constant  under  varying  conditions  of  discharge  and  riprap  size,  and  if 
so,  what  is  the  most  suitable  value  of  the  coefficient  to  be  used  for 
design  of  riprap.  For  planning  the  experimental  program,  the  ranges  of 
testing  conditions  were  determined  for  the  Shields  coefficient  varying 
from  0.025  to  0.060,  assuming  that  incipient  motion  of  riprap  would 
occur  at  a  value  of  Shields  coefficient  within  this  range.  The 
Shields  coefficient,  C,  is  defined  as 


(2.1) 


where  X  is  boundary  shear  stress,  y  and  y  are  the  specific 

s  w 

weights  of  rock  and  water  respectively,  and  d5Q  is  the  median  size  of 
riprap.  Replacing  X  with  yRS  and  simplifying,  Equation  2.1  becomes 


C 


RS 

<■  _  U  d50 


(2.2) 


where  R  is  the  hydraulic  radius,  S  is  the  slope,  and  s  is  the 
specific  gravity  of  the  rock.  For  developing  the  test  conditions  the 
hydraulic  radius  is  replaced  with  flow  depth  D  to  obtain 


C  = 


DS 


(s  -  1)  d 


50 


(2.3) 
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Values  of  d5Q  were  specified  for  the  study,  so  for  each  size  the 
values  of  D  and  S  have  to  be  determined  to  obtain  the  desired 
Sheilds  coefficient.  Hanning's  equation  was  used  for  this  purpose: 


Q  =  idi  w  D  R2/3  S1/2 

tL 


(2.4) 


where  Q  is  the  discharge,  n  is  Manning's  roughness  factor,  and  W 
is  the  flume  width.  Again,  the  hydraulic  radius  R  was  approximated 
with  the  depth  0,  so  Equation  2.4  becomes 


Q  s  iiiii  W  D3^3  S1^2 
II 


(2.5) 


From  Equation  2.3 

C(s  -  1)  d 


D  = 


50 


(2.6) 


and  substituting  in  Equation  2.5 

Q  *  ^  W  [C(.  -  1)  <»50]5/3  S“7/6 
or 

s  =  ic  (.  -  »  VW7  (*.») 

The  locally  available  materials  have  a  specific  gravity,  s,  of  2.65  and 
the  test  flume  has  a  width  of  8  ft.  Substituting  these  values  in 
Equation  2.7  yields 

S  a  17.07  (nQ)”6/7  (C  d5Q)10/7  (2.8) 

Values  of  djQ  and  Q  have  been  specified  for  the  tests.  Therefore, 
for  each  desired  value  of  C  the  corresponding  slope  can  be  determined 
from  Equation  2.8.  Values  of  the  Manning's  roughness  factor  were 
estimated  from  Strickler's  equation 


8 


d 

®90 

a  =  26  (2-9) 

However,  preliminary  tests  showed  that  the  actual  roughness  of  the 
surface  is  about  20  percent  more  than  what  Stickler's  equation 
indicates.  After  determining  the  flume  slope,  the  expected  flow  depth 
was  found  from  Equation  2.6,  and  the  expected  velocity  from  Manning's 
equation 

v  =  D2/3  s1/2  (2.10) 

XX 

Tables  2.1,  2.2,  and  2.3  show  the  ranges  of  testing  conditions. 

2.3  Mixing  Procedures  and  Preparation  of  Riprap  Material 

Knowing  the  dimensions  of  the  test  section,  the  volume  of  the 
required  riprap  material  and  hence  the  weight  of  material  for  each  size 
could  be  readily  determined.  The  gradation  curve,  as  shown  in 
Figure  1.1  specifies  that  the  riprap  should  not  contain  any  particles 
larger  than  2  d5Q  or  smaller  than  0.2  d^.  So,  depending  on  the 
availability  of  local  materials  and  ease  of  obtaining  or  manufacturing 
sieve  sizes,  the  range  between  0.2  d^Q  and  2  d^Q  of  each  riprap  size 
was  divided  into  4  to  6  intervals.  The  weight  of  material  for  each 
interval  was  determined  from  Figure  1.1  and  the  total  required  test 
riprap.  The  materials  were  then  weighed  according  to  the  calculations 
and  mixed  together.  The  amount  of  work  and  expenses  were  minimized  by 
resieving  part  of  the  tested  riprap  and  using  the  material  for  the  next 
riprap  size. 

Sieving  was  done  by  hand  for  the  larger  sizes.  A  set  of  flat 
sieves  were  manufactured  from  2  to  6  inches  in  size.  Material  was 
dusked  on  the  smallest  sieve  and  au>ved  by  hand  onto  the  larger  sieves. 


Table  2.1.  The  Range  of  Testing  Conditions  for  the  3/4-inch  Riprap. 
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Table  2.2.  The  Range  of  Testing  Conditions  for  the  2-inch  Riprap 


10 


CA 

© 

VO 

vO 

vO 

>  a. 

o 

'S’ 

r- 

o 

on 

vO 

00 

<** 

• 

• 

• 

• 

• 

« 

• 

• 

m 

m 

m 

vO 

vO 

vO 

vO 

CO 

<4-1 

u 

cn 

ON 

CM 

^4 

CM 

on 

m 

m 

ON 

NO 

vO 

ON 

CM 

o 

4-» 

VO 

CM 

a 

© 

00 

00 

o 

Q  <4-1 

• 

• 

• 

• 

• 

CM 

CM 

CM 

CM 

CM 

^4 

f— 4 

ii 

O 

P** 

o 

00 

F-4 

ON 

^-4 

O' 

vO 

CO 

CM 

o 

O 

© 

o 

o 

CM 

CO 

<n 

vO 

vO 

00 

ON 

o 

o 

o 

o 

o 

o 

a 

o 

CO 

o 

o 

o 

o 

o 

o 

o 

o 

• 

• 

• 

• 

• 

• 

• 

• 

o 

o 

o 

o 

o 

o 

o 

O 

CM 

ON 

CM 

CO 

CM 

ON 

00 

m 

00 

CM 

m 

oo 

o 

CO 

m 

W 

• 

• 

• 

• 

• 

• 

• 

>  a. 

m 

m 

m 

vO 

vO 

vO 

<4-4 

M 

VM 

CO 

o- 

m 

m 

CM 

o 

OV 

m 

U 

f"- 

*— 4 

ON 

on 

>» 

CM 

4-) 

o 

ON 

vO 

vO 

m 

•j’ 

v* 

in 

a  im 

• 

• 

• 

• 

• 

• 

CM 

1—4 

**•4 

r4 

f*4 

ii 

CM 

p-. 

o 

ON 

in 

4-4 

O' 

cn 

CO 

CO 

m 

vO 

ON 

CM 

vO 

CO 

m 

vO 

oo 

o 

F«4 

o 

o 

o 

o 

o 

o 

^4 

f-4 

CO 

o 

o 

o 

o 

o 

o 

O 

© 

• 

• 

• 

• 

• 

• 

• 

• 

o 

o 

o 

o 

o 

o 

© 

a 

o 

in 

II 

O' 


to 

>  a, 


u 
a  m 


co 


m 

<N 

II 

O' 


to 

>  Q. 


a 


co 


O- 

CO 

CM 

OV 

oo 

F-4 

CM 

vO 

OV 

CM 

Mf 

OV 

CM 

• 

• 

• 

• 

• 

• 

• 

• 

'O- 

Mf 

m 

in 

in 

in 

vO 

m 

oo 

O- 

oo 

oo 

in 

NO 

vO 

m 

vO 

ov 

cn 

oo 

<r 

o 

>» 

CO 

CM 

f-4 

o 

o 

o 

F-4 

1-4 

- 

H 

r4 

F"4 

o 

o 

f— 4 

rH 

OV 

VO 

CO 

H 

vO 

CM 

00 

vO 

m 

-o 

vO 

r** 

Ov 

© 

CM 

vO 

o 

o 

o 

a 

f—4 

^4 

r4 

^4 

o 

o 

© 

o 

o 

o 

© 

O 

o 

o 

o 

© 

d 

o 

d 

© 

vO 

00 

>o 

cn 

-a 

00 

'T 

r~. 

© 

e 

. 

. 

. 

• 

. 

o 

cn 

V* 

v* 

•* 

a” 

00 

O 

*— 

00 

4-1 

o 

rv 

vO 

CM 

1*4 

rv 

00 

rv 

© 

VO 

© 

© 

• 

• 

. 

rv 

oo 

© 

© 

o 

o 

O 

vO 

o 

-V 

• 

• 

o 

CM 

VO 

oo 

fv. 

cn 

o 

in 

o 

rv 

vO 

rv 

II 

00 

1 

cn 

© 

OV 

II 

o 

f— 

r* 

e 

o 

o 

o 

o 

O 

e 

•*4 

• 

. 

. 

. 

* 

•l4 

o 

o 

© 

o 

o 

CM 

o 

n 

CM 

cn 

in 

o 

n 

o 

n 

o 

n 

© 

II 

il 

CM 

cn 

cn 

V» 

in 

n 

vO 

o 

o 

© 

o 

o 

o 

o 

o 

o 

o 

• 

• 

• 

in 

© 

© 

o 

o 

o 

d 

o 

o 

o 

"O 

oo 

o 

on 

o 


Table  2.3.  The  Range  of  Testing  Conditions  for  the  3-inch  Riprap 
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Material  larger  than  6  inches  was  piled  together  for  use  in  the  approach 
section.  Only  for  the  3/4-inch  riprap,  the  smallest  size  interval 
material  was  purchased  and  used  without  sieving.  This  material  contained 
some  sizes  finer  than  0.2  d^,  but  their  effect  on  the  performance  of 
the  riprap  was  assumed  to  be  negligible. 

After  each  riprap  mixture  was  prepared,  a  size  analysis  was 
conducted  to  determine  how  close  the  actual  gradation  was  compared  to 
the  design  gradation  of  Figure  1.1.  For  the  3/4-inch  riprap,  the 
analysis  was  done  by  the  traditional  sieve-set  and  weighing  method.  For 
the  2-  and  3-inch  ripraps  the  analysis  was  done  by  the  photographic 
method,  where  a  2  x  2-ft  frame  divided  into  0.1  ft  grids  was  placed  on 
the  riprap  surface  and  photographed.  By  finding  the  area  occupied  by 
each  rock  size  group  a  gradation  curve  equivalent  to  the  weighing  method 
was  obtained.  The  results  of  particle  size  distribution  analyses  of  the 


original  riprap  mixtures 

Table  2.4. 

are  shown  in  Figure  2.2  and  Table  2.4. 

Gradation  of  the  Riprap  Material 

Design  d5Q 
inches 

Design  Graduation 
d84/d50  d50/dl6 

Actual  d^ 
inches 

Actual  Graduation 
d84/d50  d50/dl6 

3/4 

1.65 

2.35 

3/4 

1.49 

3.23 

2 

1.65 

2.35 

1.87 

1.49 

1.85 

3 

1.65 

2.35 

3.0 

1.60 

2.33 

2.4.  Construction  of  the  Riprap  Surface 

The  test  riprap  surface  was  prepared  according  to  the  original 
study  proposal.  A  3-inch  layer  of  plaster  sand  (d^  =  .57  mo)  was 
placed  on  the  bottom  of  the  flume.  A  layer  of  Typar  filter  blanket 
(made  by  DuPont)  was  then  placed  on  the  sand  surface  and  secured  to  the 
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Figure  2.2.  Standardized  Size  Distribution  of  the  Riprap  Mixtures 
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flume  by  wooden  supports  and  plaster  laths  on  all  four  sides.  The 
riprap  was  dumped  on  the  filter  blanket  at  a  thickness  of  2  d5Q 
without  further  touching  or  reorienting.  The  transition  section  was 
also  reconstructed  for  each  riprap  size.  This  section  was  similar  to 
the  test  section  in  construction,  except  that  a  layer  of  concrete  was 
used  instead  of  the  filter  blanket.  Larger  material  was  dumped  at  the 
upstream  side  of  the  transition  section  and  gradually  finer  material  was 
dumped  toward  the  downstream  side.  The  material  would  be  embedded 
partially  in  the  concrete,  so  that  water  could  not  dislodge  them  and 
wash  them  out.  The  joint  between  the  transition  section  and  test 
section  was  very  smooth.  The  flow  development  section  was  built 
following  a  procedure  similar  to  preparing  the  transition  section,  with 
large,  fairly  uniform  sizes  of  rocks  and  was  not  altered  for  the  entire 
course  of  the  study. 

2.5  Testing  Procedure  and  Data  Collection  Program 

The  order  of  testing  was  arranged  from  the  smallest  to  the  largest 
size  of  riprap  and  from  the  smallest  to  the  largest  flow  rate  for  each 
size.  After  placing  each  riprap  size,  a  suitable  value  of  the  Shields 
coefficient,  C,  was  chosen  from  Tables  2.1  to  2.3  and  the  flume  slope 
was  adjusted  accordingly.  The  value  of  C  was  usually  chosen  small 
enough  so  that  no  washout  would  be  observed  in  the  first  run.  The 
desired  discharge  was  then  routed.  The  starting  depth  of  flow  was 
maintained  at  a  value  larger  than  uniform  flow  depth  (Tables  2. 1-2.3). 
By  gradually  opening  the  tailwater  gate  the  depth  was  reduced  until 
uniform  flow  occurred  on  the  test  section.  This  procedure  eliminated 
the  possibility  of  washing  the  riprap  due  to  nonuniform  flow  conditions. 
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The  test  was  continued  for  2  hours  after  establishing  uniform  flow. 
During  this  time  flow  depths  were  measured  at  the  flume  midpoint  in 
3  stations:  10  ft,  25  ft,  and  40  ft  from  the  beginning  of  the  test 
section.  Velocities  were  simultaneously  measured  by  a  current  meter  at 
the  same  sections  in  two  vertical  positions:  0.2  D  and  0.8  D  from  the 
water  surface.  These  data  were  used  to  find  the  average  velocity  and 
average  depth  of  flow  at  the  test  section. 

The  discharge  was  measured  by  orifices  installed  in  the  pipes 
conveying  water  from  the  pumps  to  the  head  box.  The  differential  head 
across  the  orifice  was  measured  by  water  or  mercury  manometers  depending 
on  the  discharge.  The  manometer  readings  were  checked  several  times 
during  each  test  to  make  sure  a  constant  discharge  was  being  routed. 
However,  some  variation  in  discharge  could  exist  due  to  fluctuating 
manometers.  The  water  temperature  was  also  measured  and  recorded. 

After  each  test,  if  no  washout  of  the  riprap  was  observed,  the 
flume  slope  was  increased  to  obtain  a  higher  value  of  the  Shields 
coefficient,  according  to  Tables  2. 1-2.3.  Similar  procedures  were 
followed  until  the  conditions  produced  riprap  failure.  At  this  time  the 
washed  riprap  which  was  collected  behind  the  traps  (Figure  2.1)  were 
analyzed  for  size  distribution.  The  locations  and  sizes  of  the  washout 
areas  on  the  riprap  surface  were  also  mapped  and  recorded.  The  riprap 
surface  was  then  repaired  by  dumping  new  sediment,  the  flume  slope  was 
reduced  to  one  step  less  than  the  failure  slope  (Tables  2. 1-2.3)  and  the 
discharge  was  routed  again.  The  test  under  these  conditions  was  carried 
out  for  4  hours  to  make  sure  the  riprap  was  stable. 

Data  for  these  tests  were  collected  more  extensively  at  stations 
10  ft,  25  ft,  and  40  ft  from  the  beginning  of  the  test  section.  At  each 
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station,  3  verticals  were  used  for  measuring  the  depth,  namely  at 
0.17  W,  0.S0W,  and  0.83  W  across  the  section.  Velocities  were  measured 
on  each  vertical  at  5  positions,  namely,  at  0.1,  0.3,  0.5,  0.7,  and 
0.9  D  from  the  water  surface.  Thus,  9  depths  and  45  velocities  were 
measured.  Discharge  and  temeprature  were  also  measurd  and  recorded  as 
before.  If  under  these  conditions  riprap  failure  did  again  occur,  the 
slope  was  reduced  another  step  and  similar  procedures  were  followed.  If 
riprap  failure  was  not  observed,  these  conditions  were  assumed  to  be  the 
incipient  motion  conditions  for  the  riprap  under  test  and  for  the  dis¬ 
charge  being  routed.  The  collected  data  are  tabulated  and  attached  in 
the  Appendix. 

2.6  Summary  of  the  Test  Conditions 

Based  on  the  testing  conditions  and  procedures,  a  total  of  48 
acceptable  runs  were  conducted.  The  summary  of  the  test  conditions  is 
presented  in  Table  2.5.  If  during  a  test  insufficient  control  of  flow 
and  nonuniform  flow  conditions  were  observed,  the  results  of  the  test 


were  discarded. 
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Table  2.5.  Summary  of  the  Test  Conditions 


Riprap 

size 

inches 

Orifice 

discharge 

cfs 

.75 

25 

50 

75 

100 

1.78 

25 

50 


75 


100 


n  no. 

Flume  slope 

1 

0.00312 

2 

0.00470 

3 

0.00470 

4 

0.00557 

5 

0.00389 

6 

0.00133 

7 

0.00215 

8 

0.00307 

9 

0.00260 

10 

0.00215 

11 

0.00094 

12 

0.00152 

13 

0.00217 

14 

0.00183 

15 

0.00152 

16 

0.00095 

17 

0.00143 

18 

0.00118 

19 

0.00095 

1 

0.00852 

2 

0.01378 

3 

0.01667 

4 

0.01973 

5 

0.00761 

6 

0.01089 

7 

0.01451 

8 

0.01266 

9 

0.01089 

10 

0.00537 

11 

0.00769 

12 

0.01025 

13 

0.00894 

14 

0.00769 

15 

0.00420 

16 

0.00601 

17 

0.00801 

18 

0.00699 

19 

0.00601 

Area  Water 

washed  temperature 


sq.  ft. 

op 

_ 

70 

1.6 

70 

0.1 

75 

0.7 

79 

0.5 

80 

- 

80 

- 

80 

38.0 

80 

25.0 

69 

4.0 

73 

- 

75 

- 

75 

40.0 

75 

12.0 

75 

1.4 

75 

- 

75 

9.7 

75 

5.0 

77 

- 

77 

- 

78 

- 

78 

4.0 

75 

- 

75 

75 

- 

70 

89.0 

70 

40.0 

68 

2.5 

68 

_ 

70 

- 

70 

17.0 

70 

6.0 

72 

- 

70 

_ 

70 

- 

70 

33.0 

75 

4.0 

75 

- 

75 
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Table  2.S.  (continued) 


Riprap 

size 

inches 

Orifice 

discharge 

cfs 

Run  no. 

Flume  slope 

Area 
washed 
sq.  ft. 

Water 

temperature 

°F 

3.0 

25 

1 

0.02000 

- 

70 

50 

2 

0.01544 

_ 

70 

3 

0.02000 

- 

70 

75 

4 

0.01500 

4.0 

68 

5 

0.01719 

15.0 

68 

6 

0.01500 

3.5 

72 

7 

0.01291 

- 

68 

100 

8 

0.01009 

_ 

70 

9 

0.01343 

10.0 

72 

10 

0.01172 

0.2 

68 
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Chapter  3 
DATA  ANALYSIS 

Analysis  of  the  collected  data  was  performed  at  several  stages. 
Part  of  the  analyzed  data  were  provided  to  WES  in  previous  correspon¬ 
dence.  It  was  found  through  those  analyses  that  best  results  are 
obtained  by  finding  average  depths  and  velocities  using  the  entire  data 
obtained  for  each  run.  Specifically,  such  averaging  eliminates  the 
effects  of  surface  waves  which  were  present  in  almost  every  run.  The 
complete  set  of  collected  data  are  attached  in  the  appendix  to  this 
report  for  reference  or  additional  analysis. 

3. 1  Development  of  Basic  Equations  and  Method  of  Analysis 

The  analysis  of  data  as  presented  through  the  rest  of  this  chapter 
were  performed  utilizing  the  following  equations  and  methods.  Froude 
number  is  calculated  from 

F  =  C3.I) 

VgD 

where  V  and  D  are  average  velocity  and  depth  for  each  run,  and  g 
is  the  gravitational  acceleration.  The  difference  between  wall  and  bed 
roughness  has  no  effect  on  the  calculated  Froude  number  and  the  average 
depth  used  in  Equation  3.1  is  adequate. 

To  calculate  Hanning's  roughness  factor,  n,  the  difference  between 
the  smooth  walls  and  the  rough  bed  should  be  considered.  The  flow 
cross-sectional  area  in  this  case  is  divided  into  two  parts,  A^  and  A^ 
where  resistance  to  flow  is  caused  by  the  bed  and  the  walls  respec¬ 
tively.  It  is  assumed  that  the  mean  velocity  and  energy  gradient  are 
the  same  for  A^  and  A^  and  Manning's  equation  can  be  applied  to  each 
part  of  the  cross-section  as  well  as  to  the  whole,  i.e., 
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r  -  (Hr  r2/3)2  =  ( ^  \2n)2  =  (V2  r„2/3): 


(3.2) 


where  the  subscripts  b  and  w  stand  for  bed  and  wall,  respectively. 
Equation  3.2  can  be  simplified  to 


3/2  '  3/2 

n 


(3.3) 


Using  R  =  A/P,  Equation  3.3  becomes 


A  _  _ 

n3/2P  '  n^2 


P.  n  3/2  P 
b  w  w 


(3.4) 


\  <%in  p„>  ■  V 

It  is  known  that  A  -  A^  +  Aw>  or  A^  =  A  -  Ay,  so 
(A  -  A„)(aw3/2  P„)  =  Au  (a,3'2  Pb) 

A  (a„3/2  V  -  Aw  (a„3/2  Pw)  =  A„  C%3/2  Pb> 

A  fn  3/2  P  1  -  A  3/2  _  3/2  p  . 

A  (nw  V  -  Aw  (nw  Pw  +  °b  Pb) 

n  3/2  P 

A  J* _ 1*  .  „  3/2  p  a  3/2  p 

A  - - n,  pw  +  °b  Pb 

w 

Equations  3.4  indicate  that 


(3.5) 


n3/2P 


(3.6) 


(3.7) 


Substituting  Equation  3.7  into  Equation  3.6 
o3'2  P  =  a  3/2  P  ♦  n.  3/2  P. 

W  W  D  b 


(3.8) 
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In  Equation  3.8,  n  and  P  are  the  overall  Manning's  n  and  wetted 
perimeter  of  the  flume,  that  represent  the  combined  effect  of  both  the 
walls  and  the  bed.  For  a  flume  width  W  and  flow  depth  D, 


:  W  +  2D 

(3.9) 

.  1.49  (  WD  \2/3  „l/2 

V  VW  +  2D/  5 

(3.10) 

=  2D 

(3.11) 

=  W 

(3.12) 

Knowing  that  the  flume  is  built  out  of  smooth  painted  metal  and 
Plexiglas,  (Chow,  1959,  pp.  110-111) 

nw  =  0.012  (3.13) 

The  flume  width  is  8.0  ft.  Substituting  these  values  and  using 
Equation  3.11  and  3.12,  in  Equation  3.8 

n3/2  P  =  (0.012)3/2  (2D)  +  n^2  (8) 


and  solving  for  n^ 


%  = 


n3/2  P  -  (0.012)3/2 
8 


(2D) 


2/3 


where  n  and  P  are  determined  by  Equations  3.9  and  3.10,  or 
P  =  8  +  2D 


S 1/2 


(3.14) 


(3.15) 

(3.16) 


Equation  3.14  was  used  for  calculating  Manning's  roughness  factors,  n^, 
for  the  riprap  surface. 
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To  calculate  the  Shields  coefficient,  Equation  2.3  (chapter  2)  was 
used.  The  values  of  Shields  coefficient  were  plotted  against  the  washed 
area.  The  lines  fitted  to  the  data  were  extended  to  the  point  of  zero 
washed  area,  at  which  the  value  of  Shields  coefficient  would  be  the 
critical  value  causing  incipient  (notion  of  the  riprap  particles.  The 
results  are  shown  in  Section  3.3. 

An  alternative  method  to  the  determination  of  the  critical  Shields 
coefficient  was  also  used.  As  explained  in  the  experimental  procedure 
(Section  2.5),  after  each  riprap  failure  the  flume  slope  was  reduced  and 
the  appropriate  discharge  was  routed  to  make  sure  stable  conditions  (no 
riprap  washout)  occurred.  Assuming  those  conditons  were  incipient 
motion  conditions,  the  Shields  coefficient  for  the  bed  can  be 
determined.  Again  the  wall  effect  has  to  be  eliminated.  Similar  to  the 
Manning  equation  analysis,  the  Darcy-Weisbach  equation  is  assumed  to 
apply  to  the  wall,  bed,  and  the  entire  channel,  i.e., 


y!  -  8  S  R  _ 
8  "  f  “ 


gSR 


w 


(3.17a) 


or 


(3.17b) 


where  f  is  the  Darcy-Weisbach  friction  factor  and  other  terms  as 
defined  before.  Using  R  =  A/P  and  A  =  Ay  +  A^  in  Eq.  3.17b,  a  pro¬ 
cedure  similar  to  the  development  of  Equation  3.6  results  in 


Pf  =  P  f  +  P.  f.  (3.18) 

w  w  b  b 

In  this  case  P  =  8  +  2D;  Pw  =  2D;  and  P^  =  8.  Therefore,  Equation  3.18 


becomes 
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f.  =  f  +  X  Cf  -  f  ) 
b  4  w 


(3.19) 


To  find  f  Reynolds  number  for  each  section  is  used  as 


R  = 


4  R  V 


R  = 


4  R  V 
w 


(3.20) 


Combining  Equations  3.20  and  3.17b  yields 


(3.21) 


w 

Equation  3.21  can  be  solved  by  any  of  the  existing  methods  for  pipe 
friction,  such  as  the  Moody  diagram,  or  the  one  given  by  ASCE  (Reference 
No.  8,  p.  153).  The  value  of  f  as  found  from  Equation  3.21  is  used 
in  Equation  3.19  to  find  f^,  and  R^  is  calculated  from  Equation  3.17a. 
The  critical  Shields  coefficient  can  be  determined  from  Equation  2.2. 

Other  equations  used  for  some  specific  purposes  in  the  data 
analysis  will  be  explained  as  they  appear.  Tables  3.1,  3.2,  and  3.3 
show  the  results  of  calculations  for  the  three  riprap  sizes.  These 
results  will  be  used  in  the  subsequent  analyses. 


3.2  Representative  Velocity  Distributions  at  the  Incipient  Motion 

Conditions 

After  each  riprap  failure  the  slope  was  reduced  and  a  prolonged  run 
performed  to  find  the  stable  conditions  for  the  specific  riprap  size  and 
discharge  under  study  (Section  2.5).  These  conditions  are  referred  to 
hereafter  as  the  incipient  motion  conditions.  Representative  velocity 
distributions  for  these  conditions  have  been  plotted  and  presented  in 
Figures  3.1  through  3.9,  in  which  x  refers  to  distance  along  the  test 
section  and  y  refers  to  distance  across  the  section. 

3.3  Determination  of  Incipient  Motion  Conditions 

The  procedure  for  determining  the  incipient  motion  conditions  using 
the  washed  areas  has  been  explained  in  Section  3.1.  Figures  3.10-3.13 


Table  3.1.  Calculations  for  the  3/4-Inch  Riprap 


r 


24 


<3 

— t  41 

m 

oo 

vO 

© 

l/l  vO 

<n 

i/i 

o 

© 

in 

00 

m 

on 

00 

rs 

O  A  v-*  -i< 

c  a  as 

VO 

>» 

O 

m 

O' 

m 

00 

00 

oo 

on 

r** 

0* 

oi 

CM 

CM 

>3- 

o 

r>»  o 

cn 

CM 

o 

r-» 

CM 

o 

oo 

CM 

O 

00 

3 

O 

>»  5 
v  e 

r-1 

CM 

CM 

CM 

CM 

Fl  CM 

CM 

eg 

CM 

CM 

CM 

CM 

CM 

rH 

CM 

CM 

r+ 

•o 


<3  41  CM 

OV 

cn 

vO 

m 

CM 

41  JS 

m 

M3 

© 

© 

© 

o 

o 

MT 

© 

W  M  Vm 

1 

• 

• 

• 

• 

1  1 

• 

• 

1 

1 

1 

« 

1 

<  !9 

o 

© 

o 

00 

m 

mt 

o 

CM 

av 

m 

» 

cn 

CM 

•o 

e 

u 

W  -W 

O' 

o 

O' 

CM 

cn  cn 

oo 

Mf 

<r 

m 

m 

av 

ao 

ON 

CM 

■o  o  /— > 

CM 

'O 

cn 

cn 

cm  cn  -o* 

cn 

cn 

CM 

cn 

<r 

cn 

cn 

CM 

cn 

cn 

CM 

H  *H  fO 

o 

o 

o 

o 

o 

o  o  o 

© 

© 

o 

© 

o 

o 

o 

o 

o 

o 

o 

QJ  IM  W 
•H  CJ 

© 

o 

o 

o 

o 

odd 

o 

o 

o 

o 

o 

d 

o 

o 

d 

d 

o 

-C  <U 

CO  o 

o 

co 

w 

m 

lA 

oo 

1)  u 

m 

MT 

r-*  cn  CM 

CM 

CM 

o 

CM 

cn 

CM 

00 

CM 

o 

ON 

c 

c  O  ' 

CM 

CM 

CM 

CM 

CM 

CM  CM  CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

1*4 

CM 

CM 

•H 

•S  «U  CM 

o 

o 

O 

o 

o 

©  ©  © 

o 

© 

o 

a 

o 

o 

o 

o 

o 

o 

o 

c 

oo  u  w  ja 

• 

• 

• 

• 

• 

•  •  • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

c 

3  fl»  C 

o 

o 

o 

© 

o 

©  ©  © 

o 

© 

o 

o 

o 

o 

© 

o 

© 

o 

o 

<9 

O  4-1 

2 

u 

11  u 

■o  1)  /-V 

00 

00 

O' 

© 

©  >» 

o 

oo 

CM  M3 

1/1 

CM 

3  J  rt 

m  o  vo 

r** 

r*- 

*4*  m  vo  vo 

m 

m 

ui  <r 

<r 

'T 

<r 

OS'-' 

• 

• 

• 

• 

♦ 

•  •  • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

■"  3  (*i 

o 

o  o  ©  © 

©  ©  © 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

Pm  c 

41 

oo  ja  *j 

o 

cn 

cn 

O' 

©  <T  — 

r*-  00 

©  1/1 

O' 

00 

cn 

© 

CM 

o 

CM 

<0  *J  M* 

vO 

r- 

m 

CM 

1/1 

CM  CM  cn 

O'  o 

00 

O' 

CM 

00 

o 

cn 

m 

Wi  a. 

on 

oo 

oo  oo 

oo 

00  vo  ^  'T  NO 

M3 

cn 

CM 

o 

oo 

00 

ON 

4  41 

• 

• 

• 

« 

• 

•  «  • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

>  •o  a 
< 

o 

o 

o 

o 

o 

r*4  r*4 

f"* 

CM 

CM 

CM 

CM 

CM 

cn 

CM 

CM 

CM 

>. 

4»  4-»  <0 

oo  -h  a. 

cn 

CM 

CM 

© 

r-  «-* 

oo 

00 

O' 

in 

o 

oo 

ui  © 

r-. 

<0  U  Vw 

CM 

vO  vO 

oo 

r*. 

cn  r»  cn 

<“•  00 

M3 

cn 

»■* 

cn 

CM 

o 

i*  o 

• 

• 

• 

« 

• 

•  •  • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

OJ  r-*  • 

cn 

cn 

cn 

cn 

cn 

cn  cn  "3T  <r  <n 

cn  n»  'O 

■o 

>  4  > 

<  > 

CM  O 

O 

f** 

O' 

cn  i/i  r-  © 

i/i 

CM 

r-. 

cn 

CM 

m 

cn 

oo 

in 

I-# 

in  co 

cn  «  o  vo 

O' 

in 

oo 

i/I 

ON  'O 

ON 

4J  4J 

cn  <r 

in 

cn 

h  n  cn 

CM 

CM 

© 

CM 

© 

9*4 

o 

I  °» 

o 

o 

o 

o 

o 

©  o  o 

© 

O 

o 

o 

o 

o 

O 

o 

© 

o 

o 

3  o  co 

o 

o 

o 

o 

o 

o  ©  © 

o 

o 

o 

o 

O 

o 

o 

o 

O 

© 

o 

• 

• 

• 

• 

• 

•  •  • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

&M  M 

o  o 

o 

o 

o 

©  o  © 

o 

o 

o  o 

o 

o 

o 

o 

O 

o 

o 

ti 

4f 

oo 

u 

k* 

*  Cfl 

m 

o 

in 

o 

tM 

M3  O’  <** 

CM 

m 

r*. 

o 

w  41 

V* 

A 

O 

••• 

•o 

m 

5  3 

rm 

CM 

cn 

1/1 

6 

7 

8 

O'  o 

CM 

cn  vT 

1/1 

vO  r*.  oo 

© 

30  Z 

r-* 

** 

r* 

cn 

cn 

cn 

CM 

e 

e 

2 

o 

o 

o 

•H 

•H 

U 

W 

<0 

10 

!9 

3 

3 

3 

O' 

O’ 

O' 

w 

C*1 

ExJ 

CM 

cn 

Table  3.2.  Calculations  for  the  2-Inch  Riprap 


25 


>>  <0 

V.  "O  U  /— « 

-3  f—  41  >3 
•o  O  XI  w  -!c 

e  e  §  as 
a  >*  3 
sue 

OQ  06 


<t  <r  vo  — i 

«  O  N  i/i 
iO  NO  CM  00 


neg-o  o 
—  CM  CM  O  O 
(fl  N  OC  <M  SI 


t>  0O0C  Si  ii 
ifl  i/t  SI  00  h 

00  —  ON  in  — 


oooor^^s- 
cn  no  cm  oo  *» 

r"  ON  CM  'S'  00 


N  00  ON  ON 


00  ON  O  O  ON 


00  o  o  o  o 


00  ON 


ON 


4. 


"3 

flj  01  CM 
01  ^  - 

Vi  «1  «- 

<  3 

5 


e 

v 

«i 

O  O  /--l 
CO 

4J  VM  ' 
•rt  W  u 

x:  ai 
CO  o 
u 


01  01 
-  01 
ao  41  vi 
C  C  O^N 
•H  XI  *j  CM 
C  00  U  w^o 
C  3  3  C 
<0  O  nm 
S  H 


01  Vi 
■o  Cli-I 

sort 

OS'-' 

I  «■« 

w  a 


ot 

00X3 

<n  *j 
Vi  a. 
01  01 
>  TJ 
< 


>. 
01  *J 
00 -H 
CO  u 
Vi  O 

01  i-C 
>  01 
<  > 


01  01 

18* 
H  H 
W  ol 


01 

01  00 
u  u 

•-H  CQ 

Nm  J3  O' 

O 
Vi  01 

O  -H 
■3 


3  O 

as  sc 


CO 

a, 


Cfl 


01 


o 

II  >1 

NS- 

o  o  m 

i  i  •  .  . 

CIO  N 

00  -a 

17.0 

6.0 

33.0 

4.0 

fs  IN  CM  OO 

cm  cn  ^  ^ 
o  o  o  o 

dodo 

1-0  1 —  OQ  CM  ON 

cn  «a  un  in  >a 

O  O  ©  O  o 

•  •  •  •  • 

o  o  a  o  o 

ON  1— 1  O  NO  r~ 

cn  m  no  m  m 
o  o  o  o  o 

ooodo 

00  O'  CO  U0  oo 
co  ^  vo  m  ^ 
ooooo 

ooooo 

o 

in 

T3 

ten 

a 

00 

S»- 

iun 

j’o 

it 

M  ^  «  C' 

cn  cn  co  cm 
o  o  o  o 

dodo 

ON  O  O  r*.  O 
cm  cn  cn  cm  cn 

o  o  c  ©  o 

o  o  o  o  o 

00  CO  CM  CM  CM 

cm  cn  co  cn  cn 

o  o  o  o  o 

o  o  o  o  o 

oo  cn  co  h  o 
cm  cn  cn  cn  co 
ooooo 

ooooo 

o 

in 

"O 

> 

i 

i 

•Jc 

06 

OCMm^ 

n*  O'  O  ^ 

so  oo  m  cn  oo 
n.  00  o  o  00 

ON  CM  UO  00  CO 

\©  rN.  oo  r** 

cm  m  m  cn  o 

lONO  MINN 

S 

<r 

O  O 

O  O  •  i— i  O 

o  o  o  o  o 

ooooo 

m  r>  m  s 
cm  oo  in  cm 

00  VO  NO  NO 

00  O  CM  —  — i 

«  «  n  in  m 
CM  i—  O  O  i— 

00  NO  ON  -S’  o 
NO  1-1  o  o  o 

oo  tv  in  no 

U0  «-«  o  CM  CM 

CM  H  H  H  yO 

CO  *— »  o  o  o 

o  o  o  o 

»-*  p-»  *-«  r+ 

^  fH 

CM  CM  CM  CM  CM 

M>t  CM  H 

v©  cn  s©  *—♦ 

oo  -a  cm  —  m 
Is"  cm  si  o  cn 

O'  00  CM  ^  ON 
cn  CO  O'  s©  co 

O'  cm  cn  v©  oo 
cn  cn  o  oo  v© 

cn  -a1  •«»  in 

M  in  m  io  m 

m  in  m  m  m 

m  in  no  m  in 

noo  n  cn 
mr^vo  n 
oo  cn  v©  on 
o  ^  ^  ^ 
o  o  o  o 

^  SI  i“  ^  s 

so  oo  in  no  oo 
N  O  if  CM  O 

o  o  o  o  o 

n  si  m  it  sn 
cn  no  cm  on  no 
m  r»  o  oo  rn. 
0  0  —  00 
o  o  o  o  o 

0  —  —ON  — 

CM  O  O  ON  o 
•O'  no  ao  no  no 
ooooo 
ooooo 

a  a  a  o 

O  ©  O  O  o 

ooooo 

ooooo 

cn 

m 

CM 

-»  CM  <n  >T 

o 

m 

i/n  vo  fN.  oo  gn 

m 

fN. 

O  ^  CM  cn  Mf 

M  r—i  ^ 

o 

o 

— 

in  no  n.  oo  on 
—  —  —  —  — 

cn  cn  cm 

see 
o  o  o 

•H  •  — 

*J  *J 

333 
3  3  3 

cr  3*  o' 

WWW 

i—  cm  cn 

Table  3.3.  Calculations  for  the  3-Inch  Riprap 


r 


>»  W 

U  -O  Vi  /-> > 
t«  n  04 
TJ  O  .0  w-'; 

c  a  s  a£ 

3  >»  3 

a  jj  c 
aa  os 


T3 

«)  44  CM 
44  JS  -u 
U  Ul 
<  (0 
3 


4-1 

c 

41 

(0  -H 

3 

4J  <4H  W 
'H  44  CJ 

•C  <u 
cn  o 
u 


U]  U) 

-  US 
00  41  >4 
C  C  O  /-s 
•H  J3  4J  <M 

C  00  U  w  j3 

C  3  AS  C 
<3  O  m 

sc  n 


44  u 

■a  <u  /~s 
SOrt 

2  1"&H 

C*4  C 


4J 

00  JS 

<0  4-1 

i-  a. 
44  44 
>  T3 
< 


>s 
44  40 
00 -H 
<Q  44 
W  O 
41  n 
>  44 
<  > 


W 

a. 


so 


CM 

on 

a 


<r 

on 

o 


00 

os 


un 

m 

sO 


m 

-o 


26 


n  on  cm 
on  oo  on 
om  >->  on 


r~-  —  so  oo  ifl.j 

i-<  n-  -o  o  os  sr  r— 


oo  o 
1-*  os 


o  o 

-j  m 
o  a 


O  I-*  O  ON 
OS  OS  OS  1“< 


o  o  in 
^mon  i 


os  r—  o 
^inin<» 

o  o  o  o 


Os  i-i  o 
i-i  os  os 


O  os 
•  o  o 


m  m  os 
<r  m  in 
o  ©  o 


o  o 


o  o  o  o 


©  ©  © 


<r  sr 

on  on 
o  o 

o  d 


m  so 
os  o 
•  # 
O  11 


■O  SO 

SO  os 
O  © 


<s  in  os  i-i 
on  on  on  on 

o  o  o  o 

dodo 


o  os  — i  m 

O  OS  O  Os 


-3-  SO  SO 

on  on  on 

o  o  o 
•  •  • 
o  o  o 


oao  on 
oo  oo  oo 


iQiO  O  O  O 


oo  on  p-  — i 
-o  so  oo  o 
on  on  on  it 


i-i  on  in 
on  o  os 
oo  pi  oo 


m  os 

m  o 


m  so 


o  un  os  ~ 
sO  in 


»»  -O  n 
i-i  m  on 


sO  so  so  so  so  sO  sO 


o 

•O  o 

o 

on 

o 

on  cn  cm 

o 

sr  o 

o 

o 

o\ 

O  r-% 

44  44 

o 

m  o 

m 

r- 

m 

CN 

o  cn  ^ 

a  a. 

os 

n  OS 

-—i 

r** 

^  ^  ^ 

1  o 

C/3 

o 

o  o 

o 

o 

o 

o 

o  o  o 

—i  —i 

• 

•  • 

• 

• 

. 

• 

•  •  • 

t*4  US 

o 

o  o 

o 

o 

o 

o 

o  o  o 

-O 

44 

—i 

on 

a 

00 

• 

. 

. 

o 

u 

CO 

on 

os 

■-4 

ns 

CO 

m 

o 

tn 

o 

-O  O' 

<N 

m 

r^ 

o 

e 

e 

a 

44 

u 

n 

o 

o 

o 

u 

US 

•H 

•f1 

•i 

O 

•r~4 

4-1 

4-1 

4-1 

*3 

C9 

<0 

(0 

3 

3 

3 

O* 

O' 

C 

cu 

w 

fad 

S 

2  O 

os  on 

in 

sO 

oo  os  © 

OS 

on 

as  =5 

pi 

W' 

w 

s— ’ 

o 

m 

-a 

40 

a 

oo 


m 

i 


ii 


o 

m 

•a 


ii 


0? 


S*  .00389  F*.  70 


Figure  3.1.  Velocity  Profile  for  3/4"  Riprap,  Run  No.  5 


Figure  3.2.  Velocity  Profile  for  3/4”  Riprap,  Run  No.  10 
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Figure  3.3.  Velocity  Profile  for  3/4"  Riprap,  Run  No.  15 
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Figure  3.5.  Velocity  Profile  for  2"  Riprap,  Run  No.  9 
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Figure  3.6.  Velocity  Profile  for  2"  Riprap,  Run  No.  14 
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Figure  3.7.  Velocity  Profile  for  2”  Riprap,  Run  No.  19 
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Figure  3.8.  Velocity  Profile  for  3"  Riprap,  Run  No.  7 
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Figure  3.9.  Velocity  Profile  for  3"  Riprap,  Run  Mo.  10 
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Figure  3.11.  Determination  of  the  Critical  Shield's  Coefficient 
from  Washed  Areas  for  2-inch  Riprap 


Figure  3.13.  Variation  of  the  Critical  Shield's  Coefficient 
with  Discharge 
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show  the  results  of  the  analysis.  Variation  of  the  critical  Shields 
coefficient,  Cc,  with  discharge  does  not  seem  to  follow  any  specific 
trend.  Discussion  of  the  results  are  presented  in  Chapter  4.  Further 
analysis  of  the  critical  Shields  coefficient  is  presented  in  the 
remainder  of  this  chapter. 

3.4  Maximum  Stable  Slopes  at  the  Incipient  Motion 

Conditions 

Tables  3.1,  3.2,  and  3.3  show  the  flume  slopes  for  each  run.  The 
maximum  slopes  at  which  riprap  was  stable  are  called  the  maximum  stable 
slopes  and  are  plotted  in  Figure  3.14.  The  trends  of  variation  are  as 
expected. 

3.5  Comparisons  with  Shields  Diagram 

Values  of  the  critical  Shields  coefficient  as  determined  from 
Figures  3.10  to  3.12  (Section  3.3)  have  been  plotted  in  Figure  3.15.  On 
the  same  figure  is  the  original  Shields  curve  and  the  modification  of 
the  curve  by  J.  Gessler  (1971).  Values  of  the  boundary  Reynolds  number 
for  Figure  3.15  were  obtained  directly  or  by  interpolation  from 
Tables  3.1  to  3.3.  It  should  be  noted  that  Shields  diagram  has  been 
developed  for  the  movement  of  bed  material  in  alluvial  channels,  and  the 
critical  value  of  Shields  coefficient  is  an  average  value  at  which  no 
more  than  50  percent  of  the  particles  move.  However,  in  riprap  design, 
the  incipient  motion  criteria  are  different.  Therefore,  the  critical 
value  of  Shields  coefficient  for  use  in  design  of  stable  riprap  should 
be  considerably  less  than  the  value  of  0.06  suggested  by  Shields. 
Further  analysis  of  the  appropriate  Shields  coefficient  is  done  in  the 
next  section  and  in  Chapter  4. 
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3.6  Determination  of  Bed  Critical  Shields  Coefficient 

As  mentioned  in  Section  3.1,  those  runs  under  maximum  stable  slopes 
can  be  considered  "incipient  motion"  runs,  from  which  values  of  the  bed 
critical  Shields  coefficient  can  be  determined.  The  summary  of  the 
incipient  motion  runs  are  shown  in  Table  3.4.  The  table  also  contains 
calculations  of  ffe  by  Eq.  3.19  and  from  Equation  2.2.  Values  of 

Froude  number  for  each  run  are  also  shown  in  Table  3.4. 

The  last  column  in  Table  3.4  contains  the  values  of  C  determined 

c 

in  Section  3.3  by  the  washed-area  analysis.  These  values  are  higher 
than  the  values  of  Ccb  calculated  in  Table  3.4,  as  expected.  There 
are  two  reasons  for  this: 

1.  The  effect  of  the  smooth  flume  walls  have  not  been  eliminated 
in  the  area  analysis,  hence  turns  out  to  be  larger. 

2.  The  slopes  of  the  "incipient  motion"  runs  have  been  selected 
from  Tables  3. 1-3.3  which  are  based  on  discrete  values  of 
slope.  The  true  incipient  motion  slope  for  every  discharge 
may  lie  in  between  two  of  the  values  calculated  in  Tables 
3. 1-3.3,  hence  C  ^  turns  out  to  be  smaller.  This  point  is 
discussed  in  Chapter  4. 

The  column  labeled  in  Table  3.4  will  be  used  in  Section  3.7. 


3.7  Froude  Number  Analysis  of  WES 

A  different  method  of  analysis  has  been  used  by  WES  to  arrive  at 
the  critical  Shields  coefficient,  which  is  presented  here.  From 
Eq.  2.3  for  the  incipient  motion  condition, 


S  =  C(s-l) 
cw 


(3.22) 
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-|2  =  0.222  F3  (3.29) 

which  is  the  equation  of  the  line  shown  in  Fig.  3.16.  It  can  be  con¬ 
cluded  from  Eqs.  3.28  and  3.29,  that 


26.06  K3 


C 

cw 


3/2 


0.222 


(3.30) 


Values  of  K  can  be  determined  from  the  Manning's  n  (Tables  3.1- 
3.3).  The  calculations  are  shown  in  Table  3.5,  in  which  the  values  of 
Manning's  n  are  representative  averages  obtained  for  each  riprap  size 
from  Tables  3. 1-3.3.  Table  3.5  shows  that  K  (Eq.  3.24)  shows  a  trend 
of  variation  with  d^g,  which  indicates  that  the  power  1/6  as  shown  in 
Eq.  3.24  needs  to  be  modified.  However,  taking  an  average  value  of 
0.040  for  K  from  the  three  sizes  produces  an  equivalent  value  of  0.038 
for  the  critical  Shields  coefficient  form  Eq.  3.30.  Comparison  of  the 
values  of  the  critical  Shields  coefficient  listed  in  Table  3.5  to  those 
listed  in  Table  3.4  shows  good  agreement  between  the  two  tables. 


Table  3.5  Calculations  of  the  Critical  Shields  Coefficient-WES 
Analysis 
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cw 

.063 

0.022 

0.035 

0.029 

.156 

0.031 

0.042 

0.042 

s' 

.250 

0.034 

0.043 

0.044 

Average  K  =  0.040  for  which  C  =  0.038 

cw 
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Figure  3.16. 


vs.  Froude  Number 
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CHAPTER  4 

DISCUSSION  OF  THE  RESULTS 

Major  effort  in  analyzing  the  data  has  been  concentrated  on 
determining  values  of  the  critical  Shields  coefficient  using  different 
methods  of  analysis.  The  results  were  shown  in  Sections  3.3,  3.5,  3.6, 
and  3.7.  The  overall  results  show  that  the  values  of  the  critical 
Shields  coefficient  are  always  below  0.06  which  was  suggested  by 
Shields.  It  was  already  mentioned  in  Section  3.5,  that  for  riprap 
design,  a  value  less  than  0.06  must  be  used  to  ensure  that  no  riprap 
particle  is  dislodged  and  moved  by  the  flow. 

Of  the  three  methods  used  in  Sections  3.3,  3.6  and  3.7,  the  method 
of  Section  3.6  eliminates  the  effects  of  the  smooth  flume  walls 
on  the  flow  conditions,  and  results  in  values  of  C£  determined  solely 
for  the  riprapped  bed.  However,  its  results  do  not  show  considerable 
differences  for  the  values  of  the  critical  Shields'  coefficient. 

This  study  has  shown  an  overall  variation  of  the  critical  shields 
coefficient  from  0.022  to  0.053  using  the  different  methods  of  analysis. 
Other  studies  such  as  the  one  by  Abdus-Samad  (1)  also  indicate  that  the 
variation  of  Shields  coefficient  can  be  over  a  wide  range.  However, 
conservative  values  of  the  coefficient  should  be  used  for  design 
purposes  since  no  movement  of  any  riprap  particle  is  desired.  In  order 
to  avoid  overdesign  criteria  other  than  the  Shields  coefficient  may  be 
esiployed  for  the  design  of  stable  riprap.  Of  the  various  factors 
considered  in  this  report,  the  Froude  number  as  presented  in  section  3.7 
offers  the  best  and  most  significant  factor.  The  following  design 
procedure  is  therefore  based  on  the  analysis  of  section  3.7,  which  is 
expected  to  result  in  reasonable  and  acceptable  values  of  the  Shields 


coefficient. 
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4. 1  Design  of  Stable  Riprap 

Based  on  the  data  as  presented  in  Chapter  3  of  this  report,  the 
procedure  for  the  design  of  stable  ripraps  can  be  outlined  in  the 
following  steps. 

Step  1 .  Assume  a  reasonable  size  of  riprap  with  a  desired  gradation. 
From  this  information  Manning's  roughness  factor  can  be  estimated  for 
the  riprap  surface. 

Step  2.  Using  Manning's  equation  (or  any  other  open-channel  equation) 
estimate  the  flow  velocity  and  depth. 

Step  3.  Calculate  the  Froude  number  and  use  Figure  3.16  to  find  the 
corresponding  value  of  d^/depth,  and  hence  the  value  of  d^Q.  If  the 
result  turns  out  much  different  from  the  assumed  size  of  Step  1,  adjust 
the  calculations  to  find  a  new  size.  Normally,  no  more  than  one 
iteration  is  necessary. 

Step  4.  Multiply  the  value  of  d5Q  by  a  factor  of  safety  of  1.5  to  2. 
Figure  3.16  has  been  developed  based  on  the  information  presented  in 
this  report  and  contains  no  factor  of  safety.  The  use  of  such  a  factor 
is  strongly  recommended  for  design  of  stable  riprap. 

The  choice  of  the  safety  factor  is  somewhat  arbitrary  depending  on 
the  purpose  for  which  the  riprap  is  to  be  used.  If  the  protection  is 
crucial  and  the  failure  of  the  riprap  may  result  in  large  losses  or 
disasters,  the  safety  factor  may  be  increased  to  2.5  or  possibly  3.  For 
cases  when  some  degree  of  failure  of  the  riprap  surface  may  be  allowed 
and  provisions  for  subsequent  repair  of  the  riprap  surface  exist,  the 
safety  factor  may  be  reduced  to  1.5  or  less. 

It  should  be  noted  that  the  safety  factor  used  in  step  4  is 
conservative.  The  safety  factor  will  increase  the  median  size.  This 


so 


will  cause  a  larger  roughness,  larger  flow  depth  and  smaller  flow 
velocity,  hence  a  lower  Froude  number.  Referring  to  Fig.  3.16,  the 
smaller  Froude  number  will  result  in  a  smaller  value  of  d5Q/depth. 
Despite  the  increase  in  depth,  the  net  result  is  to  reduce  d5Q  to  less 
than  what  was  found  in  step  3.  Hence,  the  factor  of  safety  used  in 
step  4  will  be  more  than  what  was  originally  intended. 

4.2  Comparison  of  the  Riprap  Sizes 

The  size  distribution  and  gradation  of  the  three  riprap  sizes  used 

in  this  study  were  shown  in  Fig.  2.2  and  Table  2.4.  The  three  mixtures 

conform  to  the  design  curve  from  30  percent  to  100  percent.  Below 

30  percent  the  3/4-inch  size  contains  more  fines  than  needed  and  the 

2-inch  size  contains  more  coarses  than  needed.  The  3-inch  mixture 

conforms  closely  to  the  design  curve.  The  difference  in  gradation  does 

not  seem  to  have  a  pronounced  effect  on  the  values  of  C  calculated  in 

c 

Chapter  3,  since  the  values  found  for  the  2-inch  and  3-inch  riprap  do 

not  significantly  differ  from  each  other.  However,  it  is  clear,  from 

both  Table  3.4  and  3.5,  that  the  values  of  C  are  somewhat  lower  for 

c 

the  3/4-inch  size.  This  can  be  attributed  to  several  factors  as 
described  below. 

1.  The  3/4-inch  riprap  consisted  exclusively  of  rounded  rock, 

while  the  other  two  sizes  consisted  of  crushed  (angular)  rock, 

at  least  in  the  larger  sizes.  This  results  in  a  lower  value 

of  Hanning's  roughness  factor  for  the  3/4-inch  size.  It  also 

causes  less  interlocking  of  the  riprap  particles  in  this  size, 

hence  a  lower  value  of  C  . 

c 

2.  The  3/4-inch  riprap  was  laid  only  to  a  depth  of  1.5  inches. 
Since  the  undulations  of  the  underlying  sand  may  be  of  the 
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order  of  1.5  inches,  this  causes  a  quicker  exposure  of  the 
filter  blanket. 

3.  Since  there  were  some  fine  particles  in  the  3/4-inch  mixture, 
it  is  possible  that  they  would  accumulate  in  certain  spots  and 
be  easily  washed  out.  This  fact  is  supported  by  a  lot  of 
patchy  washouts  observed  for  this  size,  shown  in  the  appendix 
to  the  report. 
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CHAPTER  S 

SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 

A  total  of  48  tests  were  conducted  on  ripraps  of  3/4-inch,  2-inch, 
and  3-inch  median  size  at  discharges  of  25,  50,  75,  and  100  cfs.  The 
tests  were  conducted  at  the  8  ft  tilting  flume  of  the  Hydraulics 
Laboratory,  Engineering  Research  Center  of  Colorado  State  University. 
The  flume  slope  was  increased  for  each  size  and  each  discharge,  until 
riprap  failure  was  observed.  The  slope  was  then  reduced  and  the  test 
repeated  to  ensure  stability  of  the  riprap  surface.  These  runs  were 
called  incipient  motion  runs.  Depth  and  velocity  data  were  collected 
during  all  runs,  with  more  extensive  data  taken  at  the  incipient  motion 
runs.  For  the  runs  with  riprap  failure,  size  analyses  of  the  washed 
material  that  were  trapped  downstream  were  also  performed.  The  complete 
data  are  attached  in  the  appendix  to  the  report. 

The  preparation  of  the  riprap  material,  construction  of  the  study 
section,  experimental  facilities  and  data  collection  program  were 
explained  in  Chapter  2.  The  data  anlyses  were  performed  in  Chapter  3. 
Chapter  4  includes  discussion  of  the  results  of  data  analysis.  Numerous 
conclusions  were  dram  from  the  data  analyses  as  listed  briefly  below: 

1.  The  smooth  flusie  walls  do  not  have  a  considerable  effect  on 
the  variables  determined  from  the  tests.  The  wall  effect  had 
to  be  eliminated  for  finding  Manning's  roughness  factors  and 
the  critical  Shields  coefficients. 

2.  Stickler's  equation  underestimates  Manning's  roughness  factor 
for  crushed  angular  rocks. 

3.  The  values  of  the  Shields  coefficient  at  the  incipient  motion 
conditions  range  from  0.022  to  0.053  for  the  ripraps  tested  in 


this  study. 
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4.  Angularity  of  the  riprap  material  increases  its  resistance  to 
motion  by  water. 

Previous  studies  in  relation  to  incipient  motion  of  particles  have 
been  concerned  with  alluvial  channel  beds.  In  that  case  particle 
movement  has  long  begun  when  incipient  motion  conditions  as  defined  by 
Shields  occur.  For  riprap,  incipient  motion  conditions  occur  without 
significant  movement  of  particles.  Therefore,  the  results  of  previous 
works  such  as  Shields  diagram  may  not  be  applied  to  riprap.  In  order 
to  obtain  a  comprehensive  view  about  stability  of  riprap,  supplemental 
studies  are  recommended  in  the  areas  listed  below. 

1.  The  effect  of  gradation  of  the  riprap  mixture  on  the  stability 
against  movement  or  the  critical  Shields  coefficient  needs  to 
be  studied. 

2.  The  effect  of  varying  Froude  number  on  the  critical  Shields 
coefficient  or  the  Shields  diagram  should  be  determined. 

3.  The  performance  of  riprap  on  channel  banks  should  be  studied. 
The  stable  bank  slopes  for  a  certain  riprap  size  and  gradation 
and  under  certain  ranges  of  Froude  number  or  other  flow 
variables  should  be  determined. 

4.  Criteria  for  the  stability  and  incipient  motion  of  riprap 
surfaces  should  be  developed  through  future  studies.  Diagrams 
similar  to  Shields  may  be  developed  for  use  in  the  design  of 
stable  ripraps . 

5.  The  stability  of  a  riprap  surface  may  vary  substantially  under 
clear  water  flows  vs.  heavily  sediment-laiden  flows.  This 
factor  needs  to  be  studied  and  the  extent  of  its  effect  on 
stability  criteria  should  be  determined. 


The  items  listed  above  require  comprehensive  and  detailed  studies 
in  order  to  clarify  all  the  concepts  in  existence  for  design  of  stable 
ripraps.  The  existing  flumes  and  experimental  facilities  at  Colorado 
State  University  have  the  capability  of  conducting  detailed  studies  on 
any  of  the  items  listed  above,  or  combining  several  of  the  items  in  one 
comp rehens ive  study. 
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THE  COLLECTED  DATA 


Appendix  A  -  Summary 


Table  A-l.  Summary  of  the  Tests  Conducted  for  the  3/4-Inch  Riprap 


Run 

No. 

Orifice 

discharge 

cfs 

Water 

Flume  Temperature 
slope  °F 

Washout  Area 

S’-ft  tf.p(1) 
page 

Depth 

and 

velocity 

data 

(2) 

page 

Washed 

sediment 

size 

analysis 

(3) 

page 

1 

25 

0.00312 

70 

• 

• 

60 

2 

0.00470 

70 

1.6 

70 

60 

94 

3 

0.00470 

75 

0.1 

- 

60 

- 

4 

0.00557 

79 

0.7 

71 

60 

94 

5 

0.00389 

80 

0.5 

72 

60 

95 

6 

50 

0.00133 

80 

• 

60 

• 

7 

0.00215 

80 

- 

)  * 

61 

- 

8 

0.00307 

80 

38.0 

73 

61 

95 

9 

0.00260 

69 

25.0 

74 

61 

96 

10 

0.00215 

73 

4.0 

75 

61 

- 

11 

75 

0.00094 

75 

• 

- 

61 

- 

12 

0.00152 

75 

- 

- 

62 

- 

13 

0.00217 

75 

40.0 

76 

62 

96 

14 

0.00183 

75 

12.0 

77 

62 

97 

15 

0.00152 

75 

1.4 

78 

62 

- 

16 

94 

0.00095 

75 

- 

<- 

62 

- 

17 

97 

0.00143 

75 

9.7 

79 

63 

97 

18 

0.00118 

77 

5.0 

80 

63 

98 

19 

0.00095 

77 

- 

- 

63 

- 

^ 'Appendix  C 


(2) 

Appendix  B 

(3) 

Appendix  D 


Table  A-2.  Summary  of  the  Tests  Conducted  for  the  2-Inch  Riprap 


Run 

No. 

Orifice 

discharge 

cfs 

Water  Washout  Area 

Flume  Temperature  sq.ft  u  (1) 

slope  °F  Map 

page 

Depth 

and 

velocity 

data 

(2) 

page' 

Washed 

sediment 

size 

analysis 
Pag e(3) 

1 

25 

0.00852 

78 

- 

63 

2 

0.01378 

78 

- 

- 

63 

- 

3 

0.01667 

75 

4.0 

81 

64 

- 

4 

0.01973 

75 

- 

- 

64 

- 

5 

50 

0.00761 

75 

- 

• 

64 

6 

0.01089 

70 

- 

- 

64 

- 

7 

0.01451 

70 

89.0 

82 

64 

99 

8 

0.01266 

68 

40.0 

83 

64 

99 

9 

0.01089 

68 

2.5 

84 

65 

100 

10 

75 

0.00537 

70 

- 

65 

• 

11 

0.00769 

70 

- 

65 

- 

12 

0.01025 

70 

17.0 

85 

65 

100 

13 

0.00894 

72 

6.0 

86 

65 

101 

14 

0.00769 

70 

«• 

66 

- 

15 

97 

0.00420 

70 

•m 

m 

66 

16 

99 

0.00601 

70 

• 

66 

- 

17 

0.00801 

75 

33.0 

87 

66 

101 

18 

0.00699 

75 

4.0 

87 

66 

102 

19 

0.00601 

75 

* 

67 

- 

^Appendix  C 


^Appendix  B 
O') 

Appendix  D 
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Table  A-3.  Summary  of  the  Tests  Conducted  for  the  3-Inch  Riprap 


Run 

No. 

Orifice  Water 

discharge  Flume  Temperature 
cfs  slope  °F 

Washout  Area 
s1'£t  Map(1) 
page 

Depth 

and 

velocity 

data 

(2) 

page 

Washed 

sediment 

size 

analysis 

(3) 

page 

1 

25 

0.02000 

70 

- 

- 

67 

2 

50 

0.01544 

70 

• 

67 

_ 

3 

0.02000 

70 

- 

- 

67 

- 

4 

75 

0.01500 

68 

4.0 

89 

67 

102 

5 

0.01719 

68 

15.0 

90 

67 

103 

6 

0.01500 

72 

3.5 

91 

68 

- 

7 

0.01291 

68 

- 

- 

68 

8 

99 

0.01009 

70 

— 

- 

68 

_ 

9 

0.01343 

72 

10.0 

92 

68 

103 

10 

0.01172 

68 

0.2 

68 

- 

^Appendix  C 


^ Appendix  B 
(3) 

v  Appendix  D 
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Appendix  B 

Depth  and  Velocity  Data 
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Chapter  1 
INTRODUCTION 

1.1  Background 

This  study  was  performed  as  a  supplement  to  earlier  studies  on  the 
same  subject  conducted  at  the  U.S.  Army  Corps  of  Engineers  Waterways 
Experiment  Station  (WES)  in  Vicksburg,  Mississippi  and  Colorado  State 
University  (CSU) .  The  content  of  this  report  is  similar  to  report 
number  CER81-82AAF-YHC-DBS56  prepared  in  October  1982  under  contract 
DACW  39-81-C-0054 ,  21  July  81,  by  Colorado  State  University  for  riprap 
sizes  of  0.75,  2.0  and  3.0  inch  median  size.  Extensive  reference  will 
be  made  to  that  report,  the  "1982  report".  However,  for  the  sake  of 
completeness,  some  of  the  main  points  will  be  also  explained  in  "this 
report". 

1.2  Objectives  and  Conditions  of  the  Study 

Tests  were  conducted  to  determine  the  stability  of  riprap  of  0.5 
and  1.0  inch  median  sizes.  The  stability  criteria  was  resistance  to 
erosion  by  flow.  A  constant  gradation,  specified  by  WES,  was  used  as 
shown  in  Figure  1.1. 

Both  riprap  sizes  were  tested  under  four  nominal  flow  rates  of  25, 
50,  75,  and  100  cfs.  For  each  flow  rate  the  tests  were  conducted  in 
the  order  of  increasing  Shields  coefficient  (Section  2.2)  until  failure 
of  the  riprap  and  exposure  of  the  underlying  filter  material.  The 
Shields  coefficient,  and  the  corresponding  slope,  was  then  reduced  and 
the  test  repeated  for  4  hours  to  assure  stability  of  the  riprap.  In 
case  new  washout  of  the  riprap  was  observed,  the  slope  was  further 
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reduced  and  another  prolonged  test  conducted.  The  testing  procedure 
and  the  data  collection  program  are  explained  in  Section  2.5  of  this 
report. 
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Chapter  2 

EXPERIMENTAL  PROGRAM 

2.1  Experimental  Setup 

The  tests  were  conducted  in  the  tilting  200-ft-long  by  8-ft-wide 
by  4-ft-deep  flume.  The  experimental  setup  was  the  same  as  explained 
in  the  1982  report.  Slightly  rougher  transition  section  due  to  interim 
use  of  the  flume  was  the  primary  difference  for  the  present  tests.  The 
tests  were  therefore  conducted  under  very  similar  conditions. 

The  test  section  was  a  50-ft  reach  of  the  channel,  covered  with  a 
layer  of  riprap  underlain  by  a  filter  fabric  and  sand  as  explained  in 
Section  2.4.  This  reach  was  located  between  stations  99  and  149  of  the 
200  ft  flume.  The  upstream  end  of  the  flume  was  at  station  0.  Large  6 
to  10-inch  rocks  cemented  to  the  flume  floor  between  stations  0  and  80 
produced  a  fully  developed  hydraulically  rough  boundary  flow  at  the 
start  of  the  test  reach.  The  boundary  layer  for  the  riprap  surface  was 
established  for  the  test  flow  conditions  within  the  first  10  ft  or  less 
of  the  test  reach.  This  fact  could  be  visually  observed  and  can  be 
deduced  from  Figs .  3.1  to  3.6,  presented  in  Chapter  3 .  Subsequently , 
it  was  decided  that  for  most  tests  the  entrance  and  exit  conditions  do 
not  extend  much  beyond  5  ft  from  each  end.  Therefore,  the  test  data 
with  respect  to  riprap  surface  failure  are  reported  for  the  middle 
40  ft  of  the  test  section. 
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2.2  Development  of  the  Range  of  Testing  Conditions 

As  explained  in  the  1982  report,  the  Shields  coefficient  was  the 
primary  control  for  determining  the  test  conditions.  The  following 
equations  were  used: 


C 


<VVd50 


(2.1) 


t  =  ywds 

*s 

^-S 

Q  =  h*  WD5/3  S1/2 

'  n 


(2.2) 

(2.3) 

(2.4) 

(2.5) 


where  C  =  Shields  coefficient;  t  =  boundary  shear  stress;  ys  and  Yw 
a  solid  and  water  unit  weights  respectively;  d^Q  =  median  size  of 
riprap;  D  =  flow  depth;  S  =  uniform  flow  bed  or  water  surface  slope; 
s  =  specific  gravity;  Q  =  flow  rate;  n  =  Manning's  roughness  factor; 
W  =  flume  width;  and  d^^  =  the  size  of  which  90  percent  of  material  is 
finer.  Note  that  in  Eqs.  2.2  and  2.4  the  depth  has  been  approximated 
for  the  hydraulic  radius.  These  equations  do  not  have  to  be  exact 
since  they  are  used  only  for  developing  the  test  conditions.  Using 
Eqs.  2.1,  2.2  and  2.3,  it  can  be  found  that 


(2.6) 


from  which 


C(s-l)dso 


(2.7) 
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Substituting  for  D  in  Eq.  2.4  and  solving  for  the  slope, 


•  ■  [xf  ’ 

The  flume  width  is  8  ft  and  the  locally  available  riprap  has  a  specific 
gravity  of  2.65.  Substituting  these  values  in  Eq.  2.8  yields 

S  =  17.07(nQ)‘6/7  (Cd50)10/7  (2.9) 


The  riprap  size  and  flow  rate  have  been  specified  for  each  test.  The 
corresponding  roughness  factor  can  be  found  from  Eq.  2.5.  Thus,  for 
each  desired  value  of  the  Shields  coefficient  C  the  necessary  flume 
slope  can  be  determined  from  Eq.  2.9;  the  expected  flow  depth  can  be 
found  from  Eq.  2.7;  and  the  flow  velocity  V  can  be  found  from  the - 
continuity  equation 


V 


(2.10) 


The  range  of  testing  conditions  determined  on  this  basis  are  shown  in 
Tables  2.1  and  2.2.  As  mentioned  in  the  1982  report,  the  values  of  the 
roughness  factor  have  been  increased  by  20  percent  from  those  indicated 
by  Eq.  2.5  to  obtain  the  correct  bed  roughness. 


2.3  Mixing  Procedures  and  Preparation  of  Riprap  Material 

The  riprap  was  to  be  laid  at  a  depth  of  twice  its  median  diameter. 
Knowing  the  dimensions  of  the  test  section  and  having  the  depth  of 
riprap  layer,  the  total  volume  of  the  needed  material  was  readily 
determined.  Given  the  gradation  of  Figure  1.1,  the  materials  of  vari¬ 
ous  size  ranges  were  mixed  to  obtain  the  required  gradation.  The 
maximum  rock  size  to  be  used  was  2d^^  as  Figure  1.1  shows.  The  locally 
available  materials  had  the  sizes  shown  in  Table  2.3.  Thus,  for  the 
riprap  of  0.5  in.  median  diameter,  material  from  Groups  I  and  II  were 


Table  2.1.  The  Range  of  Testing  Conditions  for  the  0.5  inch-Riprap. 
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mixed  at  equal  quantities.  For  the  1.0  in.  median  size,  material  from 
all  four  groups  were  mixed. to  obtain  the  desired  gradation.  It  should 
be  noted  that  for  both  mixes  there  was  perhaps  more  fine  material  than 
Figure  1.1  indicates  since  Group  I  has  no  lower  limit.  However,  for 
all  practical  purposes,  material  finer  than  0.2  d^Q  was  considered  to 
play  an  insignificant  role  in  stability  of  riprap  and  hence  it  was 
decided  not  to  sieve  or  separate  the  very  fine  material. 

Table  2.3.  Ranges  of  Locally  Available  Riprap  Material 


After  preparing  each  riprap  mixture  a  size  analysis  using  the 
standard  sieve  method  was  conducted.  The  results  are  shown  in 
Table  2.4  and  Figure  2.1.  The  data  of  the  previous  riprap  mixes  are 
included  in  both  Fig.  2.1  and  Table  2.4  for  comparison. 


Table  2.4.  Gradation  of  the  Riprap  Material 


Design  d5Q 
in. 

Design 

Vd50 

Gradation 

d5o'd16 

Actual  d50 
in. 

Actual 

d84/d50 

Gradation 

d50/dl6 

3/4 

1.65 

2.35 

3/4 

1.49 

3.23 

2.0 

1.65 

2.35 

1.87 

1.49 

1.85 

3.0 

1.65 

2.35 

3.0 

1.60 

2.33 

1/2 

1.65 

2.35 

0.50 

1.34 

1.61 

1.0 

1.65 

2.35 

0.98 

1.62 

2.70 

DESIGN  CURVE 
.5’  RIPRAP 
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2.4  Construction  of  the  Riprap  Surface 

The  riprap  bed  was  prepared  by  placing  a  3-inch  layer  of  fine  sand 
on  the  flume  floor  and  covering  it  with  a  layer  of  Typar  filter  paper. 
The  filter  paper  was  secured  to  the  flume  by  a  narrow  wooden  frame 
underneath  and  plaster  laths  on  the  outside.  The  riprap  was  dumped  on 
the  filter  paper  at  a  thickness  of  two  median  diameters  without  further 
tampering.  However,  this  surface  was  occasionally  retouched  when  water 
had  washed  one  spot  and  piled  the  material  at  an  adjacent  location  on 
the  test  surface.  The  transition  section  was  not  altered  through  the 
course  of  this  study. 

2.5  Testing  Procedure  and  Data  Collection  Program 

The  order  of  testing  was  arranged  from  the  smaller  to  the  larger 
size  of  riprap  and  from  the  smallest  to  the  largest  flow  rate  for  each 
size.  After  placing  each  riprap  size,  a  suitable  value  of  the  Shields 
coefficient,  C,  was  chosen  from  Tables  2.1  and  2.2  and  the  flume  slope 
was  adjusted  accordingly.  The  value  of  C  was  usually  chosen  small 
enough  so  that  no  washout  would  be  observed  in  the  first  run.  The 
desired  discharge  was  then  routed.  The  starting  depth  of  flow  was 
maintained  at  a  value  larger  than  uniform  flow  depth  (Tables  2.1,  2.2). 
By  gradually  opening  the  tailwater  gate  and  taking  depth  measurements, 
the  depth  was  reduced  until  uniform  flow  occurred  on  the  test  section. 
This  procedure  eliminated  the  possibility  of  washing  the  riprap  due  to 
nonuniform  flow  conditions. 

The  test  was  continued  for  1.5  to  2  hours  after  establishing 
uniform  flow.  During  this  time  flow  depths  and  velocities  were 
measured  at  the  midpoint  of  the  flume  cross  section  at  3  stations: 
10  ft,  25  ft,  and  40  ft  from  the  beginning  of  the  test  section. 
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Velocities  were  measured  by  an  Ott  current  meter  at  two  points  in  the 
vertical:  0.2  D  and  0.8  D  from  the  water  surface.  These  data  were 
used  to  find  the  average  velocity  and  average  depth  of  flow  at  the  test 
section. 

The  discharge  was  measured  by  calibrated  orifices  installed  in  the 
pipes  conveying  water  from  the  pumps  to  the  head  box.  The  differential 
head  across  the  orifice  was  measured  by  water  or  mercury  manometers 
depending  on  the  discharge.  The  manometer  readings  were  checked 
several  times  during  each  test  to  make  sure  a  constant  discharge  was 
being  routed.  However,  some  variation  in  discharge  readings  could 
exist  due  to  fluctuating  manometers.  The  water  temperature  was  also 
measured  and  recorded. 

After  each  test,  if  no  washout  of  the  riprap  was  observed,  the 
flume  slope  was  increased  to  obtain  a  higher  value  of  the  Shields 
coefficient,  according  to  Tables  2.1  and  2.2.  Similar  procedures  were 
followed  until  the  conditions  produced  riprap  failure.  At  this  time 
the  washed  riprap  which  was  collected  by  downstream  traps  was  analyzed 
for  size  distribution,  and  the  locations  and  sizes  of  the  washout  areas 
on  the  riprap  surface  were  mapped  and  recorded.  The  washed  out  riprap 
surface  was  then  repaired  by  placing  new  riprap,  the  flume  slope  was 
reduced  to  one  step  less  than  the  failure  slope  and  the  discharge  was 
routed  again  under  uniform  conditions.  The  test  under  these  conditions 
was  carried  out  for  4  hours  to  check  riprap  stability. 

Data  for  these  tests  were  collected  more  extensively  at  stations 
10  ft,  25  ft,  and  40  ft  from  the  beginning  of  the  test  section.  At 
each  station,  3  verticals  were  used  for  measuring  the  depth  and 
velocity,  namely  at  0.17  W,  0.50  W  and  0.83  W  across  the  section. 
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Velocities  were  measured  on  each  vertical  at  5  points,  namely,  at  0.1, 
0.3,  0.5,  0.7  and  0.9D  from  the  water  surface.  Thus,  9  depths  and 
45  velocities  were  measured.  Discharge  and  temperature  were  also 
measured  and  recorded  as  before.  Upon  stopping  the  test  and  draining 
the  flume,  if  riprap  failure  had  again  occurred  under  the  test 
conditions,  the  slope  was  reduced  another  step  and  the  four  hour  test 
and  extensive  data  collection  procedures  were  followed.  If  riprap 
failure  was  not  observed,  these  conditions  were  assumed  to  be  the 
incipient  motion  conditions  for  the  riprap  under  test  and  for  the 
discharge  being  routed.  To  compare  the  type  of  rock  washed  out,  one 
determination  of  specific  gravity  of  the  original  mix  and  one  of  the 
washed  rocks  were  performed. 

2.6  Summary  of  the  Test  Conditions 

Based  on  the  testing  conditions  and  procedures,  a  total  of  48 
acceptable  runs  was  conducted.  The  summary  of  the  test  conditions  is 
presented  in  Table  2.5.  If  during  a  test  insufficient  control  of  flow 
and  nonuniform  flow  conditions  were  observed,  the  results  of  the  test 


were  discarded. 
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Table  2.5.  Summary  of  the  Test  Conditions. 


Riprap 
Size 
(in. ) 

Orifice 

Discharge 

(cfs) 

Run 

Number 

Flume 

Slope 

Area* 
Washed 
(sq.  ft) 

Water 

Temperature 

°F 

0.50 

25 

1 

0.00143 

-  - 

64 

2 

0.00185 

— 

70 

3 

0.00231 

— 

70 

4 

0.00280 

— 

65 

5 

0.00331 

0.76 

70 

6 

0.00331 

36.86 

73 

7 

0.00280 

5.70 

75 

8 

0.00231 

6.08 

70 

50 

9 

0.00102 

1.14 

70 

10 

0.00128 

3.04 

75 

11 

0.00154 

20.52 

72 

12 

0.00102 

1.00 

74 

75 

13 

0.00072 

0.70 

74 

14 

0.00090 

5.00 

74 

15 

0.00072 

11.78 

74 

16 

0.00056 

— 

74 

100 

17 

0.00056 

5.70 

74 

1.0 

25 

1 

0.00348 

73 

2 

0.00451 

— 

74 

3 

0.00451 

•  • 

74 

4 

0.00562 

4.30 

70 

5 

0.00451 

0.07 

73 

50 

6 

0.00249 

0.50 

70 

7 

0.00310 

3.80 

71 

8 

0.00249 

0.25 

70 

75 

9 

0.00176 

5.25 

72 

10 

0.00176 

0.25 

70 

11 

0.00219 

0.25 

70 

12 

0.00265 

5.10 

- 

13 

0.00219 

9.60 

60 

14 

0.00176 

-- 

78 

100 

15 

0.00106 

1.50 

77 

*Washed  areas  are  reported  from  5  ft  to  45  ft  of  the  test 
section  only. 
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Chapter  3 
DATA  ANALYSIS 

la  order  for  comparisons  to  be  possible,  the  data  analysis  in  this 
report  is  similar  to  the  1982  report.  Average  depths  and  velocities 
were  found  by  averaging  the  entire  data  for  each  run,  for  reasons  given 
in  the  1982  report.  The  complete  set  of  collected  data  are  attached  in 
the  appendix  to  this  report. 


3.1  Basic  Equations  and  Method  of  Analysis 

Derivations  of  the  basic  equations  used  for  analyzing  the  data  are 
given  in  the  1982  report.  Following  are  the  final  equations  used  for 
analyzing  the  data.  For  derivations,  reference  should  be  made  to  the 
1982  report. 


% 


rn3/2P  -  (0.012)3/2  (2D),2/3 
~  1  8  J 


„  -  iiii  f  8D  l2/3  c1'/2 
n  "  V  '8  +  2D'  * 


P  =  8  +  2D 


(3.1) 

(3.2) 

(3.3) 


where  n^  =  Hanning's  roughness  factor  for  the  bed;  n  =  overall 
Hanning's  roughness  factor,  found  from  Eq.  3.2;  P  =  overall  wetted 
perimeter,  found  from  Eq.  3.3;  D  =  flow  depth;  V  =  flow  velocity;  and 
S  =  channel  slope.  The  above  equations  were  used  to  determine  the 
Hanning's  roughness  factor  for  the  riprap  surface.  A  second  set  of 
equations  used  were  the  following: 
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C,  V 

(3.4) 

TTTT-3^ 

V2  e  SR  gSRb 

8  £  £b 

(3.5) 

£b  *  £  +  5  <£  '  £„> 

(3.6) 

Rw  R 

f  =  f 
w 

(3.7) 

Where  C  =  Shields  coefficient;  =  wetted  perimeter  for  bed;  s  = 
specific  gravity  of  riprap  material;  d^Q  =  median  size  of  riprap;  g  = 
acceleration  of  gravity;  R  =  channel  wetted  perimeter;  f,  f^  and  f  = 
Darcy  Weisbach  friction  factor  for  the  flume,  bed  and  wall  respec¬ 
tively;  and  R  and  =  Reynolds  number  for  channel  and  wall  respec-' 
tively.  Other  variables  are  as  defined  before.  Equation  3.7  is  solved 
by  the  method  given  in  reference  No.  6,  p.  153,  to  find  fw;  f  is 
then  found  from  Eq.  3.6;  R^  is  solved  for  from  Eq.  3.5  and  finally  the 
Shields  coefficient  is  found  by  Eq.  3.4.  It  was  explained  in  sec¬ 
tion  2.5  that  after  riprap  washout  the  slope  was  reduced  and  the  test 
repeated  to  find  the  condition  of  incipient  riprap  motion.  The  value 
of  Shields  coefficient  for  this  condition  found  by  Eq.  3.4  is  called 
the  bed  critical  Shields  coefficient  and  is  denoted  by  C^. 

An  alternative  method  of  determination  of  the  critical  Shields 

coefficient  is  to  plot  the  washed  area  versus  the  Shields  coefficient. 

Extending  the  plots  to  where  zero  washed  area  is  obtained  will  give  the 

critical  Shields  coefficient,  denoted  by  C  . 

c 

A  third  method  of  finding  the  critical  Shields  coefficient  is  the 
analysis  of  WES.  This  value  is  shown  by  C  ,  using  the  equation 

d50  _  26.06  K3  -3 
D  "  r  3/2  * 
cw 


(3.8) 
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F  =  7=  (3.9) 

ViD 

where  K  has  been  defined  in  Eq.  2.5  to  have  a  value  of  jg,  but  may 
assume  other  values,  and  F  is  the  Froude  number. 

Tables  3.1  and  3.2  show  the  results  of  calculations  for  the  two 
riprap  sizes.  These  results  will  be  used  in  subsequent  analyses. 

3.2  Representative  Velocity  Distributions  at  the  Incipient  Motion 

Conditions 

After  each  riprap  failure  the  slope  was  reduced  and  a  prolonged 
run  performed  to  find  the  stable  conditions  for  the  specific  riprap 
size  and  discharge  under  study  (Section  2.5).  These  conditions  are 
referred  to  hereafter  as  the  incipient  motion  conditions.  Representa¬ 
tive  velocity  distributions  for  these  conditions  have  been  plotted  and 
presented  in  Figures  3.1  through  3.6,  in  which  x  refers  to  distance 
along  the  test  section  and  y  refers  to  distance  across  the  section. 

3.3  Determination  of  Incipient  Motion  Conditions 

The  procedure  for  determining  the  incipient  motion  conditions 
using  the  washed  areas  has  been  briefly  explained  in  Section  3.1. 
Figures  3.7  and  3.8  show  the  plots  of  washed  areas  vs.  Shields  coeffi¬ 
cient.  There  are  no  plots  for  the  100  cfs  flow  because  at  the  Shields 
coefficient  of  0.025  riprap  surface  wash  was  observed.  Reducing  the 
slope  to  a  smaller  value  would  result  in  larger  flow  depths.  However, 
in  both  cases  of  riprap  the  flow  freeboard  was  no  more  than  1.5  inches 
and  testing  under  any  milder  slopes  could  not  physically  be  done.  The 
result  is  consistent  with  the  1982  report  that  Cc  does  not  seem  to 
indicate  any  correlation  with  discharge  or  riprap  size,  as  shown  in 
Figure  3.9. 


Table  3.1.  Calculations  for  the  0.5-Inch  Riprap 
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Table  3.2.  Calculations  for  the  1.0-Inch  Riprap 


>»  to 

I*  "O  >4  /-S 

«  -4  41 
TS  O  33  >— '•& 
CCS  OS 

3  >>  3 

O  41  C 
CQ  OS 


TJ 

«S  <U  <M 
41  -C  4. 

u  in  4. 

<  <0 
3 


4-1 

c 

11 

OS  -H 
TJ  urv 
H  *H  CS 
4)  4-1  w 

•H  4-  CJ 
x;  41 
CO  o 
u 


CO  OS 

-  03 

SO  U  4 

e  c  o 

•H  £  J  M 

C  00UV.Q 

e  c  eo  e 

CO  O  44 

=  »- 


41  14 

"O  4)  4-N 

3  3  r4 

o  e  w 

4  3  In 

c>4  e 


41 

00  JC  4-1 
CO  *j  4-1 

u  a 
41  (U 

>  "v  a 
< 


>» 

41  4-»  01 

00 O4 

<0  U  44 

It  o 

41  <->  « 

>  > 


41  41 

I  §* 


CO 


C*4  M 


41 

^4  00 
<0  *4 

C  to 
•H  35  O’ 

g  s 

*3 


3  O 
OS  SB 


20 


<4* 

CO 

>*■ 

sO 

r>* 

o 

o 

CM 

m 

o 

o> 

-* 

o 

i n 

CM 

>$■ 

so 

sO 

*» 

00 

o 

00 

CM 

o 

o 

CO 

o 

O 

r~* 

SO 

<r 

CM 

CO 

CO 

on 

on 

CO 

CO 

on 

CO 

CO 

on 

CO 

CO 

CO 

o 

CO 


o 

O  I 

.  I 

o 


©r-ooiotninino©©® 

cnoinoo<'iNNM'«'OOtn 


'toonousoommOH 


\0  — 

ojnM(n(*SMMncn<*i(,o.j<rcnN 

ooooooooooooooo 


ooooooo©ooooooo 


O'ONOSMOiO'O'JOtOOrtOSOI 

cnncoNCMeMioNNNMfncoc'iN 

ooooooooooooooo 


ooooooooooooooo 


Hf-^cONMrt(<lr4(nNr4irtn'S 

in^unotO'»inmtn'J>5tft'J'jn 


ooooooooooooooo 


r»r««a0\00\HOlflt4v0^c0NO 

'4'ON4N00M«O'O'«C0N>JH 

oc\o\ooo\v3in\ocninsjcs^^n 


HOOOOHHHNNMNNNCO 


csioor'-r^moomoo'CNasasosoo 

Ol'JNNNvOtneOlTlN-vOifltJ'rt 

ONNOOsrcnmvocono>44<nop^r» 


NNcoMrtcrsnn^n-j-j'jnro 


OOHrtCN40'00"0'09'/l»'0'0 

^flflUI'OUl^fi-'^NNi-ivO-rNO 

P1<»4»in'»NCnN««NNNHf4 

ooooooooooooooo 

ooooooooooooooo 


ooooooooooooooo 


lAiniflinmoooiniflinininiflO 

MNNNNiflini/sr^p-rvr't^P'O 


NNM^in'Of'flOWOHNCl'Jl/S 


FRACTION  OF  DEPTH 


21 


1 


VELOCITY  IN  fps 


Figure  3.1.  Velocity  Profile  for  the  0.5  inch  riprap,  Run  No.  7 
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VELOCITY  IN  fps 


Figure  3.2.  Velocity  Profile  for  the  0.5  inch  Riprap,  Run  No.  12 
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Figure  3.3.  Velocity  Profile  for  the  0.5  inch  Riprap,  Run  No.  16 
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3.4  Maximum  Stable  Slopes  at  the  Incipient  Motion  Conditions 

The  maximum  stable  slopes  corresponding  to  the  incipient  motion 
conditions  of  riprap  are  selected  from  Tables  3.1  and  3.2  and  are 
plotted  in  Fig.  3.10.  If  this  figure  is  superimposed  on  Fig.  3.14  of 
the  1982  report,  it  will  be  observed  that  the  maximum  stable  slopes 
agree  together,  i.e.,  the  3/4  inch  riprap  curve  would  fall  between  the 
two  curves  shown  in  Fig.  3.10. 

3.5  Comparisons  with  Shields  Diagram 

Values  of  the  critical  Shields  coefficient  as  determined  from 
Fig.  3.7  and  3.8  are  plotted  in  Fig.  3.11.  The  figure  also  contains 
all  the  other  information  included  in  the  1982  report.  The  values  of 
the  boundary  Reynolds  numbers  were  obtained  from  Tables  3.1  and  3.2. 
The  range  of  the  critical  Shields  coefficients  are  well  within  the 
expected  values.  One  relatively  high  value  for  the  0.5  inch  riprap  at 
25  cfs  is  a  result  of  plotting  through  scattered  data  on  Fig.  3.7. 
Table  3.1  shows  that  at  run  No.  8,  the  incipient  motion  condition  for 
this  case,  Shields  coefficient  is  only  0.035. 

3.6  Determination  of  Bed  Critical  Shields  Coefficient 

The  tests  conducted  under  maximum  stable  slopes  were  considered 
incipient  motion  runs,  for  which  the  values  of  bed  Shields  coefficient 
can  be  determined.  Equation  3.4  is  used  for  this  purpose,  and  the 
value  of  the  Shields  coefficient  found  is  denoted  as  Ccb’  indicating 
the  incipient  motion  conditions  for  the  bed.  The  summary  of  these 
tests  is  shown  in  Table  3.3.  The  table  contains  values  of  f^  and 
C£b  resulting  from  Eq.  3.4.  The  last  column  in  Table  3.3  contains  the 
values  of  C£  determined  from  the  washed  area  analysis  of  Section  3.3 
for  comparison.  The  values  of  Ccb  are  expected  to  be  lower  than  the 


Variation 
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values  of  Cc  because  the  former  is  determined  at  discrete  changes  of 

test  conditions  while  the  latter  is  found  from  extrapolation  of  plotted 

results  (Fig.s  3.7  and  3.3).  In  addition,  reflects  the  effect  of 

the  smooth  flume  walls  while  this  effect  has  been  eliminated  in  the 

calculation  of  C  ,  . 

cb 

3.7  Fxoude  Number  Analysis  of  WES 

Equation  3.8  has  been  used  to  determine  C  ,  the  critical  Shields 

cw 

coefficient  using  the  analysis  of  WES.  The  data  of  F  and  d^/D 
shown  in  Table  3.3  are  plotted  in  Fig.  3.12.  The  equation  of  the  line 
is 


0.33  F3 


(3.10) 


which  by  comparison  to  Eq.  3.8  indicates 


Values  of 


26.06  K3 
C  3/2 


0.33 


cw 

K  are  determined  from  the  equation 


(3.11) 


n=Kd5Q1/6  (3.12) 

Tables  3.1  and  3.2  show  the  values  of  the  Manning's  roughness  factors 
for  the  bed.  Using  those  values,  Table  3.4  is  prepared.  Included  in 
the  table  are  values  of  and  Cc  for  comparison.  The  values  of 
critical  Shields  coefficient  show  good  agreement,  ranging  from  an 
absolute  low  of  0.017  to  an  absolute  high  of  0.048.  However,  the 
common  range  among  all  the  values  seems  to  be  0.024  to  0.037.  This  is 
well  within  the  expected  range  since  it  has  been  known  that  for  stable 
riprap  a  general  rule  would  be  to  use  half  of  the  original  critical 
Shields  coefficient,  suggested  by  Shields  or  Gessler  (Fig.  3.11). 


2  .3  .♦  .#  e  7  8  *  1 

Froud*  Number 


3.12. 


50 


vs.  Froude  Number 
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Table  3.4.  Calculation  of  the  Critical  Shields  Coefficient  by  WES 
Analysis 


d50’  d50’ 

in  ft  cfs 

“b 

K 

C 

cw 

C  . 
cb 

C 

c 

0.5  0.0417  25 

0.030 

0.051 

0.048 

0.031  0.042 

50 

0.024 

0.041 

0.031 

0.024  0.029 

75 

0.023 

0.039 

0.028 

0.017  0.031 

1.0  0.0833  25 

0.030 

0.045 

0.037 

0.028  0.031 

50 

0.028 

0.042 

0.032 

0.026  0.030 

75 

0.030 

0.045 

0.037 

0.026  0.035 

Average  K  =  0.044  for  which  C£w  : 

=  0.035 

3.8  Specific  Gravities 

Four  measurements 

of  specific  gravity  were  done 

in 

the  testing 

period  in  order  to  determine  if 

the  washed  material 

was 

lighter  in 

weight  than  the  original 

mix .  The 

results 

are  shown  in 

Table  3.5.  Two 

conclusions  can  be  drawn  from  Table  3.5. 

First,  there  is  no  appre- 

ciable  quantities  of  sandstone  or  other 

lightweight  rock 

in  the  mix. 

Second,  the  washed  material  does  not 

consist  of 

any 

lightweight 

material. 

Table  3.5.  Specific  Gravities  of 

1-inch  Riprap  Material 

Unit  Weight, 

Specific 

Source 

pcf 

Gravity 

Original  mix 

166.5 

2.67 

Original  mix 

166.9 

2.67 

Washed  material,  Run  No. 

13 

169.6 

2.72 

Washed  material,  Run  No. 

13 

164.9 

2.64 

After  further  discussion  with  WES  staff,  a  sample  of  the  original 
riprap  was  analyzed  for  specific  gravity.  The  sample  was  then  sepa¬ 
rated  into  two  groups:  the  sandstones  and  the  remaining  rocks.  The 
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specific  gravity  of  each  group  was  separately  measured.  The  results 
are  shown  in  Table  3.6.  It  can  again  be  concluded  that  the  riprap 
material  consists  of  uniform  rocks  of  constant  specific  gravity. 
Figure  3.13  shows  the  two  separated  groups  of  riprap  rock. 


Table  3.6.  The  Specific  Gravities  of  the  Mixed  Riprap 


Average 

Measured  Measured  Measured  Unit  Specific  S.G. 
Rock  Sample  volume,  volume,  weight,  weight,  gravity  for  rock 
type  Number  ml  ft3  lbs  £  type 


Overall  1 

2 

3 

4 

5 

6 


Sandstones  1 
2 
3 

Remaining 
Rocks  1 

2 

3 

4 

5 

6 


727 

0.0080 

210 

0.0074 

250 

0.0088 

260 

0.0092 

305 

0.0108 

370 

0.0131 

17.0 

0.00060 

12.0 

0.00042 

14.0 

0 . 00049 

19.0 

0.00067 

27.0 

0.00095 

25.0 

0.00088 

23.0 

0.00081 

23.0 

0.00081 

27.0 

0.00095 

1.318 

164.4 

1.242 

167.2 

1.471 

166.7 

1.512 

164.7 

1.782 

165.4 

2.172 

166.2 

0.0947 

157.8 

0.0749 

176.7 

0.0837 

169.3 

0.1101 

164.1 

0.1542 

161.7 

0.1452 

164 . 4 

0.1333 

164.1 

0.1421 

173.9 

0.1712 

179.5 

2.63  \ 

2.68  I 

2.67  (  2.66 

2.64  ( 

2.65  | 

2.66  / 

2.53  ) 

2.83  >  2.69 

2.71  ) 


2.63  \ 

2.59 

2.63  l  2.69 
2.63  [ 

2.80  1 
2.88  / 


3.9  Armoring  Effects  of  Riprap  Surface 

After  the  riprap  layer  is  placed  in  the  test  section  and  water  is 
routed,  a  certain  degree  of  armoring  will  inevitably  occur.  The  armor¬ 
ing  happens  by  dislocation  and  reorientation  of  the  rocks  into  a  more 
stable  configuration.  This  means  the  original  mix  remains  in  its 
entirety  on  the  test  section,  except  in  a  reoriented  configuration. 
Otherwise,  if  the  fine  material  was  dislodged  and  moved  by  water,  it 
would  have  been  collected  at  the  downstream  trap.  Such  an  effect  was 


never  observed. 
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(b)  Sample  of  the  Remaining  Rocks 


Figure  3.13.  Composition  of  Riprap  Material 
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Another  effect  of  armoring  would  be  observed  in  the  washout 
patterns,  attached  as  Appendix  C  of  this  report.  When  a  washout  spot 
develops,  it  is  usually  repaired  by  placing  fresh  riprap  from  the 
original  mix.  If  significant  armoring  effect  is  present  on  the  riprap 
surface,  since  the  newly  repaired  surface  lacks  such  armoring,  the  same 
area  should  be  washed  again.  While  this  effect  can  be  occasionally 
observed  in  the  washout  patterns,  lack  of  consistency  in  its  occurrence 
leads  to  the  conclusion  that  the  armoring  effect  on  the  riprap  surface 
is  not  a  primary  control  in  the  failure  process.  Figures  3.14  and  3.15 
show  pictures  of  the  1-inch  riprap  surface  before  any  testing  and  after 
the  complete  set  of  tests. 

3. 10  Effect  of  the  Froude  Number  on  the  Critical  Sheilds  Coefficient 

It  was  decided,  after  discussions  with  WES  staff,  that  the 
effect  of  Froude  number  on  the  critical  Shields  coefficient  should  be 
determined.  For  this  purpose  the  data  presented  in  Table  3.4  of  the 
1982  report  and  Table  3.3  of  this  report  were  plotted  in  Fig.  3.16. 
The  data  show  indication  of  a  linear  relationship  between  the  critical 
bed  Shields  coefficient  and  the  Froude  number.  However,  there  is 
substantial  scatter  in  the  data  and  until  additional  data  become 
available,  the  use  of  Fig.  3.16  is  not  recommended. 

3.11  Design  of  Stable  Riprap 

Considering  the  results  presented  in  this  report  and  the  1982 
report,  the  range  of  critical  Shields  coefficients  for  design  of  riprap 
is  limited.  The  analyses  presented  in  these  reports  are  not  all  inclu¬ 
sive,  and  further  refinement  and  analysis  is  possible.  For  example, 
comparing  Fig.  3.12  of  this  report  to  Fig.  3.16  of  the  1982  report 
suggests  that  while  a  slope  of  3:1  for  the  plot  of  F  vs.  d^/D  is 


Figure  3.14.  The  Original  Riprap  Surface 


Figure  3.15.  The  Riprap  Surface  after  Test  Number  15 
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appropriate,  the  coefficient  does  change  and  there  may  be  envelope 
curves  to  be  fitted  if  more  extensive  data  were  available.  At  the 
present  level  of  information,  the  procedure  for  designing  stable  riprap 
is  essentially  the  same  as  proposed  in  the  1982  report. 
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Chapter  4 

SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 

A  total  of  32  tests  were  conducted  on  ripraps  of  0.5-inch  and 
1-inch  median  size  at  discharges  of  25,  50,  75,  and  100  cfs.  The  tests 
were  conducted  at  the  8  ft  tilting  flume  of  the  Hydraulics  Laboratory, 
Engineering  Research  Center  of  Colorado  State  University.  The  flume 
slope  was  increased  for  each  size  and  each  discharge,  until  riprap 
failure  was  observed.  The  slope  was  then  reduced  and  the  test  repeated 
to  ensure  stability  of  the  riprap  surface.  These  runs  were  called 
incipient  motion  runs.  Depth  and  velocity  data  were  collected  during 
all  runs,  with  more  extensive  data  taken  at  the  incipient  motion  runs. 
For  the  runs  with  riprap  failure,  size  analyses  of  the  washed  material 
that  were  trapped  downstream  were  also  performed.  The  complete  data 
are  attached  in  the  appendix  to  the  report. 

The  preparation  of  the  riprap  material,  construction  of  the  study 
section,  experimental  facilities  and  data  collection  program  were 
explained  in  Chapter  2.  The  data  analyses  were  performed  in  Chapter  3. 
Numerous  conclusions  were  drawn  from  the  data  analyses  as  listed 
briefly  below: 

1.  The  values  of  the  Shields  coefficient  at  the  incipient  motion 
conditions  range  from  0.017  to  0.048  for  the  riprap  tested 
in  this  study. 

2.  Careful  study  of  Table  3.4  shows  that  when  the  effect  of  the 
flume  walls  are  eliminated,  the  resulting  values  of  the 
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critical  Shields  coefficients  are  slightly  lower  than  other 
methods.  While  this  difference  may  be  partially  due  to  the 
method  of  analysis,  as  mentioned  in  Section  3.6,  further 
analysis  and  careful  study  of  the  flume  wall  effect  may  prove 
useful. 

3.  The  results  of  these  tests  are  generally  consistent  with  the 
results  obtained  earlier  on  coarser  riprap  sizes. 

4.  For  design  of  stable  riprap,  the  critical  Shields  coefficient 
should  be  about  half  of  the  original  values  suggested  by 
Shields  or  Gessler. 

5.  Although  the  data  indicate  a  correlation  between  the  Froude 
number  and  the  critical  Shields  coefficient,  there  is  con¬ 
siderable  scatter  in  the  data  and  the  effect  of  Froude  number 
on  the  Shields  coefficient  cannot  be  well  defined. 

The  analyses  presented  in  this  report  and  in  the  1982  report  can 
be  expanded  and  refined  to  provide  a  more  accurate  assessment  of  the 
role  of  different  variables  on  the  stability  of  riprap.  For  a  more 
comprehensive  understanding  of  the  riprap  stability,  additional  studies 
are  recommended  in  the  areas  listed  below: 

1.  The  effect  of  gradation  of  the  riprap  mixtures  on  the 
stability  against  movement  or  the  critical  Shields  coeffi¬ 
cient  needs  to  be  studied. 

2.  The  effect  of  varying  Froude  number  on  the  critical  Shields 
coefficient  or  the  Shields  diagram  should  be  determined. 

3.  The  performance  of  riprap  on  channel  banks  should  be  studied. 
The  stable  bank  slopes  for  a  certain  riprap  size  and  grada¬ 
tion  and  under  certain  ranges  of  Froude  number  or  other  flow 
variables  should  be  determined. 


46 


4.  Criteria  for  the  stability  and  incipient  motion  of  riprap 
surfaces  should  be  developed  through  future  studies.  Dia¬ 
grams  similar  to  Shields  may  be  developed  for  use  in  the 
design  of  stable  riprap. 

5.  The  stability  of  a  riprap  surface  may  vary  substantially 
under  clear  water  flows  vs.  heavily  sediment-laden  flows. 
This  factor  needs  to  be  studied  and  the  extent  of  its  effect 
on  stability  criteria  should  be  determined. 

6.  The  gaps  between  the  existing  data,  such  as  shown  in  Fig. 

3.16  should  be  filled  and  the  extent  of  data  should  be 
expanded  for  conclusive  results.  Specifically,  tests  on 
riprap  median  sizes  of  1.5,  4,  5,  and  6  inches  are 

recommended. 

The  items  listed  above  require  comprehensive  and  detailed  studies 
in  order  to  clarify  all  the  concepts  in  existence  for  design  of  stable 
ripraps.  The  existing  flumes  and  experimental  facilities  at  Colorado 
State  University  have  the  capability  of  conducting  detailed  studies  on 
any  of  the  items  listed  above,  or  combining  several  of  the  items  in  one 
comprehensive  study. 
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Table  A-l.  Summary  of  the  Tests  Conducted  for  the  0.5-inch  Riprap 


Run 

No. 

Orifice 

Discharge 

cfs 

Flume 

Slope 

xlO5 

Water 

Temperature 

°F 

Washout 

sq.ft. 

Area 

Map(1) 

Depth 

and 

Velocity 

Data 

Pa*e(2) 

Washed 

Sediment 

Size 

Analysis 

Page(3) 

1 

25 

143 

64 

• 

• 

52 

2 

185 

70 

- 

- 

52 

- 

3 

231 

70 

- 

- 

52 

- 

4 

280 

65 

- 

- 

52 

- 

5 

331 

70 

0.76 

59 

52 

- 

6 

331 

73 

36.86 

60 

52 

86 

7 

280 

75 

5.70 

61 

53 

86 

8 

231 

70 

6.08 

62 

53 

87 

9 

50 

102 

70 

1.14 

63 

53 

• 

10 

128 

75 

3.04 

64 

53 

87 

11 

154 

72 

20.52 

65 

53 

- 

12 

102 

74 

1.00 

66 

54 

88 

13 

75 

72 

74 

0.70 

67 

54 

88 

14 

90 

74 

5.00 

68 

54 

89 

15 

72 

74 

11.70 

69 

54 

89 

16 

56 

74 

- 

70 

54 

- 

17 

100 

56 

74 

5.70 

71 

55 

90 

^ ^ Appendix  C 


(21 

Appendix  B 
^Appendix  D 
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Table  A-2.  Summary  of  the  Tests  Conducted  for  the  0.5-inch  Riprap 


Run 

No. 

Orifice 

Discharge 

cfs 

Flume 

Slope 

xlO5 

Water 

Temperature 

°F 

Wa snout  Area 

Depth 

and 

Velocity 

data 

Pa*e(2) 

Washed 

Sediment 

Size 

Analysis 

Page(3) 

1 

25 

348 

73 

- 

72 

55 

- 

2 

451 

74 

- 

- 

55 

- 

3 

451 

74 

- 

- 

55 

- 

4 

562 

70 

4.30 

73 

55 

90 

5 

451 

73 

0.07 

74 

55 

91 

6 

50 

249 

70 

0.50 

75 

56 

91 

7 

310 

71 

3.80 

76 

56 

92 

8 

249 

70 

0.25 

77 

56 

92 

9 

75 

176 

72 

5.25 

78 

56 

• 

10 

176 

70 

0.25 

79 

56 

- 

11 

*219 

70 

0.25 

80 

57 

93 

12 

265 

- 

5.10 

81 

57 

93 

13 

219 

60 

9.60 

82 

57 

94 

14 

176 

78 

83 

57 

“ 

15 

100 

106 

77 

1.50 

84 

57 

94 

^Appendix  C 


(2) 

Appendix  B 
Appendix  D 
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Appendix  B 

Depth  and  Velocity  Data 
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CHAPTER  1 


INTRODUCTION 


1.1  Background 

This  study  is  a  continuation  of  the  work  bo  determine  the  point  of  incipient 
failure  and  other  hydraulic  characteristics  of  riprap  for  providing  criteria  for  design 
of  stable  ripraps  in  flood  control  channels.  The  study  initiated  in  1981  at  Colorado 
State  University  (CSU)  by  and  in  cooperation  with  the  U.  S.  Army  Corps  of 
Engineers,  Waterways  Experiment  Station  (WES),  Vicksburg,  Mississippi.  The 
previous  work  was  presented  in  two  reports.  The  first  report  entitled,  "Stability 
Tests  of  Riprap  in  Flood  Control  Channels,"  was  prepared  by  A.  A.  Fiuzat,  Y.  H. 
Chen  and  D.  B.  Simons  in  October,  1982,  and  is  referred  to  as  the  ”1982  Report" 
throughout  this  latest  report  (1989).  The  second  report  was  entitled,  "Supplemental 
Stability  Tests  of  Riprap  in  Flood  Control  Channels”  and  was  prepared  by  A.  A. 
Fiuzat  and  E.  V.  Richardson  in  December,  1983.  The  second  report  similarly  is 
referred  to  as  the  ”1983  Report"  throughout  this  new  report  (1985).  The  equipment, 
flume  test  procedures,  and  data  collection  methods  are  either  identical  or  similar  to 
those  procedures  described  in  the  1982  and  1983  Reports. 

Two  sizes  riprap  materials  were  tested.  One  material  had  ad  *  1.0  in.  and 
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the  other  had  a  *  2.0  in.  Both  riprap  sizes  had  the  ETL  1110-2-120  gradation 
recommended  by  WES.  The  design  g*adation  of  the  riprap  material  is 
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shown  in  Figure  1.1.  The  design  gradation  of  the  riprap  material  of  the  1982  and 

1983  Reports  is  also  shown  in  this  Figure.  Tests  were  performed  for  both  size 

gradations  with  the  thickness  of  the  riprap  set  at  2d  and  then  at  3d  .  The  failure 

so  so 

criterion  for  both  riprap  thicknesses  was  the  exposure  of  the  underlying  filter 
blanket  observed  after  a  run.  Incipient  failure  was  then  defined  as  the  run  when  the 
flume  slope  was  set  one  increment  lower  than  the  failure  run.  In  the  following 
chapters  the  experimental  program  and  analysis  of  data  are  presented. 
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Figure  1.1  Gradation  of  riprap  material  of  this  study  (1985)  and  the  1982  and  1983  Reports 
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CHAPTER  2 

EXPERIMENTAL  PROGRAM 

The  experimental  program  conducted  for  this  phase  of  the  riprap  study 
generally  follows  the  procedures  and  methods  described  in  the  1982  and  1983 
Reports. 

In  this  chapter  the  materials  and  methods  that  differ  from  those  of  the  1982 
and  1983  Reports  are  explained.  Those  which  are  not  explained  are  similar  to  the 
1982  and  1983  Reports. 

2.1  Experimental  Setup 

For  the  first  18  runs,  the  test  section  was  50  ft  long  with  a  transition  section  of 
40  ft.  From  the  upstream  end  of  the  flume  (Station  0)  to  the  beginning  of  the 
transition  section  (Station  60),  rocks  of  6  to  10  in.  in  diameter  were  cemented  to  the 
flume  floor.  The  40  ft  transition  section  (from  Station  60  to  station  100)  was  made 
of  1  in.  rocks  cemented  to  the  flume  floor.  For  the  remaining  runs  (from  run  #19  to 
94),  the  test  section  was  reduced  to  40  ft  and  the  transition  section  was  constructed 
by  placing  rocks  of  similar  size  as  the  test  section  in  the  transition.  These  rocks  in 
the  transition  section  were  not  cemented  to  the  flume  floor;  instead  they  were 
covered  with  a  wire  mesh  (chicken  wire)  to  hold  them  in  place.  The  transition 
section  was  40  ft  long  and  started  at  Station  70.  The  test  section  started  at  Station 
1 10.  The  rocks  in  the  transition  section  were  placed  such  that  the  top  of  the  rocks 
in  the  test  and  transition  sections  were  in  the  same  plane  for  all  riprap  thicknesses. 
The  first  70  ft  of  the  flume  was  comprised  of  6  to  10  in.  rocks  cemented  on  the  floor. 
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2.2  Material 

Crushed  limestone  was  used  as  the  riprap  material.  The  specific  gravity  of  the 
d  =  1  in.  rocks  was  2.68  and  the  d  =2  in.  rocks  was  2.64.  The  gradations  of  the 
riprap  material  tested  are  shown  in  Figure  2.1.  The  gradation  of  d?o  =  l  in.  riprap 
was  determined  using  a  mechanical  sieve  shaker.  The  gradation  of  d  =2  in.  riprap 

SO 

was  established  using  flat  sieves  manufactured  at  CSU  for  this  purpose.  The  values 
of  of  the  riprap  material  are  presented  in  Table  2.1.  In  this  Table  the 

values  of  d  /d  of  the  riprap  material  of  the  1982  Report  (for  d  =  1  in)  and  the 
1983  Report  (for  d  =  2  in)  are  also  presented. 


Table  2.1  Values  of  the  d^/d  of  the  riprap  material  of  this  (1985)  Study  and 
the  1982  and  1983  Reports. 


This  Study  (1985) 

1982  Report 

1983  Report 

d  (in) 
so 

1 

2 

1.87 

1 

d  /d  (in) 

•  S  IS 

2.0 

2.4 

2.8 

4.4 

For  the  first  series  of  tests  (d  =  l  in.,  runs  #  1-  31)  the  riprap  material 

so 

consisted  of  about  10  percent  (by  weight)  flat  rocks.  The  flat  rocks  were  removed 
after  the  first  series  of  tests.  For  the  rest  of  the  runs,  the  riprap  material  met  the 
shape  criteria  of  the  Army  Corps  of  Engineers.  These  criteria  (C.O.E.  Report  - 
Em  1110-2-1601,  1970)  are: 

1.  The  stone  shall  be  predominately  angular  in  shape. 

2.  No  more  than  25  percent  of  the  stones  reasonably  well  distributed 
throughout  the  gradation  shall  have  a  length  more  than  2.5  times  the 
breadth  or  thickness. 

No  stone  shall  have  a  length  exceeding  3.0  times  its  breadth  or  thickness. 


3. 
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2.3  Testing  Procedure  and  Data  Collection  Prouram 

The  data  collected  Included  bed  and  water  surface  elevations,  discharge, 

velocity  profiles  using  either  a  pitot-static  tube  or  an  Ott  meter,  and  the  size  and 

location  of  areas  washed  free  of  riprap  down  to  the  underlying  filter  cloth.  Trials 

were  performed  with  riprap  thickness  of  2d  and  3d  . 

so  so 

A  "general  datum”  for  each  rock  thickness  was  established  by  the  following 
procedures: 

(1)  The  flume  was  set  to  the  horizontal  position. 

(2)  Water  was  added  to  the  flume  until  about  90%  of  the  rocks  were  covered 
with  water. 

(3)  The  elevation  of  the  water  surface  was  measured  along  the  flume  at  10  ft 
intervals;  at  the  locations  where  flow  depths  were  measured. 

(4)  These  elevations  were  considered  as  the  elevations  of  the  bottom  of 
channel  (general  datum)  In  measuring  the  flow  depth. 

Five  series  of  tests  with  a  total  of  94  runs  were  performed.  The  methods  of 
testing  are  summarized  in  Table  2.2.  Other  information  such  as  bed  slope,  water 
temperature,  area  washed,  and  test  duration  for  each  run  are  presented  in 
Appendix  A. 

Table  2.2  Methods  of  Testing 


Test  Run  Median  Riprap  Velocity  Data  Remarks 

Series  #  Size  (In)  Thickness  Collected  By 
*  (In) 


1 

1-31 

l 

2 

Ott  Meter 

Data  collection  was 
similar  to  the  previous 
reports. 

2 

32-45 

1 

2 

Ott  Meter 

Repeating  the  series  #1 
after  removing  flat  rocks. 

3 

46-64 

1 

3 

Pitot  Tube 

Flat  rocks  were  removed. 

4 

65-70 

2 

4 

Pitot  Tube 

Flat  rocks  were  removed. 

5 

79-94 

2 

6 

Pitot  Tube 

Flat  rocks  were  removed. 
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As  shown  in  Table  2.2,  the  test  procedure  for  the  riprap  of  d  =  l  in.  and 
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thickness  =  2  in.  was  similar  to  that  of  the  1982  and  1983  Reports.  For  test  series 
No.  3  to  5,  a  pitot  tube  was  used  to  measure  the  velocities.  For  these  last  series  of 
tests  the  velocity  data  were  collected  at  0.Q5,  Q.10,  0.15,  0.2,  0.3,  0.4, 0.5,  0.7,  0.9D 
above  the  "general  datum."  In  addition,  the  pitot  tube  was  set  on  the  top  of  the 
rocks  and  velocities  at  these  points  also  were  measured.  These  points  established  by 
the  pitot  tube  on  top  of  the  rocks  will  be  referred  as  the  "local  datums."  The 
elevations  of  these  local  datums  in  most  cases  were  below  the  general  datum.  For 
the  last  3  series  of  tests  the  comprehensive  velocity  data  were  collected  for  every 
test,  and  not  only  for  the  incipient  failure  conditions.  Velocity  profile  traverses 
were  taken  at  several  locations  in  the  cross  sections  throughout  the  test  section. 
Specific  locations  are  listed  for  each  run  in  Appendix  B. 


too 
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Flnure  2.1  Gradation  of  riprao  material  tested. 
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CHAPTER  3 

DATA  ANALYSIS 

The  failure  criterion  for  the  riprap  stability  study  was  the  exposure  of  the 
underlying  filter  blanket  after  a  run.  For  a  given  discharge,  the  run  at  which  the 
flume  slope  was  one  increment  lower  than  the  failure  run  was  regarded  as  the 
incipient  failure  run.  In  this  study  the  term  "incipient  failure”  was  used  in  place  of 
"incipient  motion"  to  avoid  confusion.  Incipient  motion  condition  is  considered  to 
occur  when  the  exerted  force  by  flow  just  overcomes  the  resistance  force  of  a 
particle  to  motion  without  moving  the  particle.  However,  at  the  incipient  failure 
condition,  a  substantial  amount  of  riprap  material  may  move  without  exposing  the 
underlying  filter  blanket.  The  latter  condition  can  occur  specially  at  greater 
thicknesses  of  ripraps. 

In  this  study  there  were  some  exceptional  cases  where  the  above  criterion  was 
not  met.  These  cases  are  explained  in  the  following. 

The  transition  section  for  the  first  18  runs  was  made  of  1  in.  rocks  cemented  to 
the  flume  floor,  as  previously  mentioned.  The  transition  section  was  40  ft.  long;  the 
elevation  of  upstream  end  was  8  in.  above  the  elevation  of  downstream  end  with  a 
slope  of  1.7  percent  relative  to  the  flume  floor.  The  flow  accelerated  down  this 
slope  and  did  not  produce  a  smooth  transition  into  the  test  section.  Because  of  this 
transition  section,  it  was  not  possible  to  reach  uniform  flow  depth  within  the  test 
reach  at  discharge  greater  then  25  cfs,  end  ail  riprap  failure  occurred  at  the 
beginning  of  the  test  section  due  to  high  velocity  of  flow.  The  test  result  was  not 
considered  to  be  representative  of  behavior  of  the  riprap  under  uniform  flow  for 
flows  greeter  than  25  cfs  because  of  the  problems  caused  by  the  transition  section. 
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Therefore,  the  transition  section  was  reconstructed  and  the  tests  were  repeated. 
Since  the  above  problems  were  not  pronounced  for  the  flow  rate  of  25  cfs,  the  tests 
were  not  repeated  for  the  25  cfs  flow  rate.  The  data  for  runs  8  to  18  were  not  used 
for  analysis  in  this  chapter,  however,  they  are  presented  in  Appendices. 

In  run  numbers  27,  37,  41  and  45  the  failure  occured  at  the  beginning  of  the  test 
section  and  was  believed  to  be  the  result  of  local  disturbances  at  the  junction 
between  the  transition  and  test  section.  These  runs  were  not  considered  to  be  the 
failure  runs  but  the  Incipient  failure  runs.  The  washed  area  for  these  runs  was  less 
than  three  square  feet  which  occurred  at  the  beginning  of  the  test  section. 

For  run  #77  (d  =  2  in,  2d  thick  riprap)  failure  was  not  observed  when  the 

SO  so 

flow  rate  was  25  cfs  and  flume  was  at  its  maximum  slope  (about  1.9  percent).  When 

the  riprap  thickness  was  increased  to  3d  ,  failure  did  not  occur  at  flows  equal  to  or 

so 

less  than  50  cfs  and  maximum  flume  slope  (run  is  80  and  84).  Run  #84  was, 
however,  considered  to  be  the  Incipient  failure  run  since  some  of  the  rocks  were 
moved  and  several  dips  were  observed  on  the  riprap  surface. 

The  following  methods  are  used  to  calculate  the  bed  Shields'  coefficients  from 
the  collected  data. 

1)  Using  Manning's  roughness  factor  for  riprap  surface 

2)  Using  Darcy -Weisbech  friction  factor  for  riprap  surface 

3)  Using  velocity  distribution  equation 

3.1  Calculation  of  Bed  Shields'  Coefficient  Using  Manning's  Roughness  Factor  For 
Rtorao  Surface 

The  development  of  the  equations  to  calculate  the  Manning's  roughness  factor 
for  the  riprap  surface  n.  is  presented  in  the  1982  Report  (p.  19).  This  method  is  a 

D 

side-wall  correction  technique  (Vanonl,  1975,  P.  152)  which  can  be  used  to  calculate 
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the  average  shear  stress  on  the  bed,  and  bed  Shield's  coefficient  Cfa.  The 
assumptions  in  this  technique  are:  a)  the  flow  cross-sectional  area  can  be  divided 
into  two  parts,  and  where  resistance  to  flow  is  caused  by  the  bed  and  the 
walls  respectively,  and  b)  the  mean  velocity  and  energy  gradient  are  the  same  for 
A^  and  A^  and  Manning's  equation  can  be  applied  to  each  part  of  the  cross-section 
as  well  as  to  the  whole.  The  resulting  equations  (developed  in  the  1982  Report)  for 
this  technique  are: 


n  = 


(3.1) 


R 


(3.2) 


nb 


s/a 

n 

c — 


P 


* 


V. 


(3.3) 


where 


n. 


n 


w 


Manning's  roughness  factor  for  the  flume  (overall),  bed,  and 
wall  respectively 


V 

S 


O 


s  average  velocity  of  flow  in  fps 
3  channel  slope  In  ft/ft 
s  wetted  perimeter  of  channel  =  w  ♦  2D,  in  ft 
3  wetted  perimeter  for  bed  s  w,  in  ft 

3  wetted  perimeter  for  walls  =  20,  in  ft 

s  hydraulic  radius  of  channel  *  A/p  s  wD/(w+20),  ih  ft 
3  hydraulic  radius  for  bed  s  A^/p^,  in  ft 

s  hydraulic  radius  for  walls  s  A^/pw,  In  ft 

3  channel  width  3  8  ft 

3  water  depth  in  ft 
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Substituting  the  values  of  =  w  =  8  ft,  =*  2D,  and  *  0.012  (for  smooth  painted 
wall  and  plexiglas,  Chow,  1959,  p.  1 10-1 1 1)  in  equation  (5.5)  results  in 

nb,[n,S.-(C,g|2),/‘  W))% 

The  value  of  calculated  from  equation  (5.4)  can  be  used  to  calculate  the  vlaues  of 
the  average  shear  stress  on  bed  and  the  bed  Shields'  coefficient.  The  calculation 
procedure  is  as  follows: 

1.  Calculate  n  from  equation  (5.1)  for  known  values  of  V,  R,  and  S. 

2.  Calculate  from  equation  (5.4). 

5.  Calculate  Rb  from  equations  (5.2)  for  known  values  of  R  and  n. 

4.  Calculate  average  shear  stress  on  bed  using  the  relationship 


5. 


,b  =  lfwRbS 

where  tw  Is  the  unit  weight  of  water. 
Calculate  Cb  using  the  relalonship 


T  RKS 
w  b 


Cb  =  (1fS-1fw,d..  *  <*S-Tw>d.. 


<-l>d,. 


(5.5) 


(5.6) 


where  y.  is  the  specific  weight  of  rock,  s  is  the  specific  gravity  of  rocks  (Y /Y  ). 

9  •  W 

and  d  is  median  size  of  the  riprap  in  ft. 

so 

The  values  of  n,  n^,  and  are  calculated  by  the  above  procedure  and  results 

are  presented  in  Tables  5.1  to  5.5.  The  values  of  bed  Shield's  coefficient  for 

incipient  failure  runs  will  be  termed  the  bed  critical  Shields'  coefficient;  the  bed 

critical  Shields'  coefficient  calculated  by  this  method  (using  Manning's  roughness 

factor)  will  be  denoted  by  C _ . 

cn 
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In  addition  of  the  bed  Shield's  coefficient,  the  values  of  the  overall  Shields' 
coefficient  C,  are  also  calculated  and  presented  in  Table  3.1  to  3.5.  The  overall 
Shields'  coefficient  is  defined  as: 


C 


PS 

(s  -  1)  d 
'so 


(3.7) 


The  values  of  C  for  incipient  failure  runs  will  be  termed  the  overall  critical  Shields' 

coefficient  and  will  be  denoted  by  C  . 

7  c 

The  range  and  average  values  of  the  bed  Manning's  roughness  factor,  for  the 
five  series  of  tests,  are  summarized  in  Table  3.6.  This  Table  also  contains  the 
values  of  Manning's  roughness  factor  calculated  by  the  two  following  equations: 


1.  Anderson  3t  al.  (1970)  equation 

n  *  0.0395  l/*  (3.8) 

where  d  is  in  feet,  and 
so 

2.  Stickler's  equation  (Simons  and  Senturk,  1977,  p.  309) 

.  i/t 

n  *  d  /26 

•o 

wlmre  d  is  In  meters. 

to 

The  results  in  Table  3.6  show  that  1)  the  values  of  n  obtained  by  Anderson  et  al. 
equation  are  in  agreement  with  the  values  of  n^  obtained  experimentally;  and  2) 
Stickler's  equation  underestimates  the  bed  Manning's  roughness  factor. 
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The  coefficient  of  Stickler's  equation  was  modified  in  order  to  fit  the  data. 
The  modified  equation  is: 

n  =  d  /22.4  (d  in  meters)  (3.10) 

to  to 

The  coefficient  1/22.4  was  obtained  by  calculating  the  corresponding  coefficient  of 
Stickler's  equation  for  each  value  given  in  Tables  3.1  to  3.5  and  then  averaging 
all  coefficients.  The  calculated  values  of  n  from  equation  (3. 10)  are  also  presented 
in  Table  3.6. 
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Table  3.2.  Calculation  of  Manning's  and  Shields'  Coefficients  for  Riprap  of  d  =  1  in.  and 
Thickness  =  2  in.  (after  removing  flat  rocks). 
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Table  3.3.  Calculation  of  Manning's  and  Shields'  Coefficients  for  Riprap  of  d  =1  In.  and 


UcehMV*  Plaae  Average  Average  Proude  preaeter  Hydraulic  Hanning  Manning  Hydraulic  able  Ida  Area  Shlelde 

Q  elope  velocity  depth  nuaber  peitlD  radlua  coaf.  coef.  radlua  coef.  aaahed  coef. 
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Table  3.4.  Calculation  of  Manning's  and  Shields'  Coefficients  for  Riprap  of  d  =2  in.  and 

so 

Thickness  =  4  in. 
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Table  ).5.  Calculation  of  Manning's  and  Shields'  Coefficients  for  Riprap  of  d^o  =  2  in.  and 
Thickness  =  6  in. 


Table  3.6  Values  of  Bed  Manning's  Roughness  Factor  Calculated  Froa 
Experlaantal  Data  And  Equations  Listed 


Test  Riprap  Size  Experimental  data  Anderson 


Series 

# 


“90  n  b 
in .  range 


1.3  .022-. 029 
1.3  .024-. 032 
1.3  .022-. 035 
1.3  .022-. 036 


il  data  Anderson  Modified 

n  ij  at  al.  Strlcteler  Strlckler 
average  equation  equation  equation 


0.026 

0.026 

0.026 

0.026  0.026  0.022  0.025 


0.029 
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3.2  Calculation  of  Bed  Critical  Shields'  Coefficient  Using  Darcy -Weisbach  Friction 

Factor  For  Riprap  Surface 

This  method  is  similar  to  the  method  presented  in  Section  3.1,  UihI.  is,  a 
side-wall  correction  technique  which  results  in  average  values  of  shear  stress  on  bed 
and  bed  Shields'  coefficient.  The  only  difference  between  these  two  methods  is  that 
in  section  3.1  the  Manning's  equation  was  used  to  describe  the  relationship  between 
resistance  to  flow  and  hydraulic  parameters  while  In  this  section  the 
Darcy -Weisbach  equation  is  used  to  describe  such  a  relationship.  The  development 
of  the  equations  for  this  method  are  presented  in  the  1982  Report  (p.  22).  The 
resulting  equations  are: 


R.  S 

o 

(s-I)d 


•e 


(3.U) 


s  C.  for  incipient  failure  runs 


v*  gSR  gSR. 

t  3  ~r  =  fb 


(3.12) 


(f-fw) 


(3.13) 


\  _a_ 

fwS  f 

where 


(3.14) 


'•V', 


R.RW 


bed  Shields'  coefficient 
bed  critical  Shield's  coefficient 
hydraulic  radius  for  bed  in  ft 
channel  hydraulic  radius  in  ft 

Darcy -Weisbach  friction  factor  for  the  flume,  bed  and  wall 
respectively 

Reynolds  number  for  channel  and  wall  respectively 


The  calculated  values  of  the  bed  critical  Shields'  coefficient  for  incipient 


failure  conditions  (C^)  are  presented  in  Table  3.7. 
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Table  3.7  Calculation  of  Bed  Critical  Shields'  Coefficient  Using  Darcy  Weisbach  Friction  Factor 
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5.5  Calculation  Of  Bed  Critical  Shields  Coefficient  Using  Velocity  Distribution 

Sfluayaa 

The  Prandtl-Von  Karman  velocity  distribution  equation  is  used  in  this  section  to 

calculate  the  bed  critical  Shields'  coefficient  C  .  The  Prandtl-Von  Karman 

cv 

equation  is  presented  as  (Chow,  1959,  p.  202) 

U  *  5.75  U.  log  (5.15) 

s 

where 

U  *  velocity  at  height  z  [L/T]  in  ft/sec 

U,  =  shear  velocity  [L/T]  in  ft/sec 

z  =  vertical  height  above  the  "bed”  [L]  In  ft 

l<s  =  equivalent  roughness  height  [L]  in  ft 

Equation  (5.15)  can  be  written  as 


U  =  5.75  U»  log  z  +  5.75  U»  log  -?p- 

(3.16) 

*s 

or 

(3.17) 

U  =  a  log  z  ♦  b 

where 

a  =  5.75  U» 

(3.18) 

b  =  5.75  U »  log 

(3.19) 

s 


Equation  (5.17)  indicates  that  if  velocities  are  plutLed  versus  depth  on 
semi -logarithmic  paper  the  value  of  shear  velocity,  U»,  can  be  determined  from  the 
slope  of  the  Une  passing  through  the  data  points.  The  value  of  "b"  can  be  evaluated 
by  using  known  points  on  the  line.  The  magnitude  of  k#  then  can  be  calculated  from 
equation  (5.19).  For  a  known  value  of  U„,  the  critical  bed  shear  stress,  tc,  and 
corresponding  Shields'  coefficient,  Ccy  can  be  determined  as  follows: 
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t  s  t.  for  Incipient  failure  runs 

C  D 


(3.20) 


Ccv  = 


<Wd,o 


(3.21) 


where 

Ys  -  specific  weight  of  rocks 

s  unit  weight  of  water 

The  graphs  of  velocity  distribution  versus  depth  for  incipient  motion  runs  are 

presented  in  Appendix  C  (indicated  by  the  run  number).  The  calculated  values  of 

C  and  k  are  presented  Tables  3.8  and  3.9.  The  values  of  C  and  k  are  obtained 
cv  s  cv  s 

from  the  velocity  profiles  along  the  centerline  of  the  flume  (Y=4.0  ft)  and  across  the 
middle  section  of  the  test  reach  (Xsl25  ft  for  run  No.  7  and  X=130  ft  for  the  rest  of 
the  runs).  When  the  velocity  profile  lines  were  drawn  through  the  data  points 
adjacent  to  the  riprap  surface  low  values  for  C  and  k  resulted.  Examples  are  run 

CV  s 

No.  57  (Y*4.Q  ft,  line  #2)  and  run  No.  84  (Y=4.0  ft,  line  #3)  where  Ccy  *  0.020. 

To  evaluate  the  effect  of  the  bottom  elevation  on  the  logarithmic  distribution 
of  the  velocity  profile,  a  comparison  was  made  between  velocity  profiles  plotted 
using  four  different  elevation  datums.  Two  of  these  datums  are  the  "general  datum" 


(GO)  and  the  "local  datum"  (LO)  as  defined  in  Chapter  2.  The  other  two  datums  are 
selected  to  be  a  distance  d  /2  below  the  GO  and  LD  (that  is,  GO  -  d  /2  and  LD  - 

•o  to 

d  /2).  The  velocity  distribution  for  some  selected  runs  (runs  No.  67,  74,  76, 84, 88, 

90 

and  93)  are  plotted  using  these  four  datums.  The  graphs  of  velocity  distributions  for 
these  runs  are  presented  in  Appendix  C.  As  shown  in  these  graphs,  the  data  points 
adjacent  to  the  riprap  surface  did  not  coincide  with  the  velocity  distribution  line 
drawn  through  the  remainder  of  the  data  points  when  the  "local  datum"  was  (Med. 
The  effect  of  using  these  four  different  datums  to  evaluate  the 
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bed  Shields'  coefficient  C  can  be  observed  by  referring  to  the  values  presented  in 

cv 

Table  3.10.  These  values  indicate  that  the  magnitudes  of  Ccy  are  generally  highest 

when  the  LD  -  d  /2  datum  is  used,  and  lowest  when  "general  datum"  Is  used.  In  the 
so 

next  section,  the  values  of  Ccy  that  are  obtained  using  the  "general  datum"  will  be 
compared  with  the  values  of  Shields'  coefficient  obtained  in  sections  3.1  and  3.2. 


Riprap  Discharge  Location  Bed  shear  Critical  Roughnes 

Thickness  Q  of  *el.  Line  U*  stress  Shields  factor 

RUN  #  In.  cfs  profile  #  b  a  b/a  fps  psf  coef.  ks,ft 
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Table  3.8  Calculation  of  Bed  Critical  Shields'  Coefficient  Uslnq  Velocity  Distribution 
Equation  for  dso  =  1  In.  Riprap. 


Riprap  Discharge  Location  Location  Dad  shear  Critical  Roughnaaa 

thicken* aa  Q  of  vel .  of  origin  Lina  U*  straaa  shields  (actor 

In.  cfa  profile  (Z>0)  #  b  a  b/a  fpa  paf  coaf.  kj  .ft 
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Table  3.9  Calculation  of  Bed  Critical  Shields'  Coefficient  Using  Velocity  Distribution  Equation 
for  d50  =  2  in.  Riorap. 
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Table  3.10.  Values  of  C^v  for  Some  Selected  Runs  Calculated 
Based  on  Pour  Different  Datuas 


Run  Discharge  Location  Datums 

#  Q  of  vel.  Line - 


cfs 

profile 

# 

GD 

GD-<%0  /2 

LD 

/2 

76 

25 

Xs 130 ' 

0.020 

0.039 

0.028 

0.056 

67 

50 

Y»4 . 0 ' 

1 

0.059 

0.047 

0.075 

0.077 

50 

2 

0.046 

74 

100 

X-130' 

0.035 

0.047 

0.050 

0.064 

34 

50 

Y«4 . 0 ’ 

1 

0.049 

0.081 

0.076 

0.122 

50 

2 

0.037 

0.081 

0.032 

0.082 

50 

3 

0.020 

0.059 

88 

75 

Y»4 . 0 ' 

1 

0.057 

0.087 

0.082 

0.103 

75 

2 

0.060 

0.099 

93 

100 

Y-4 . 0 ' 

0.061 

0.102 

0.086 

0.116 

GO  *  General  Datum 
LD  -  Local  Datum 

Note:  More  than  one  value  of  Ccv  for  a  given  run  resulted  from 
different  velocity  distribution  profiles  along  a  section. 
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3.4  Comparison  Of  The  Values  Of  Critical  Shields*  Coefficients  Calculated  Bv  The 
Previous  Three  Methods 

In  Table  3.11  The  calculated  values  of  critical  Shields'  coefficient  are  presented 

for  comparison.  The  results  show  that  values  of  bed  critical  Shields'  coefficient 

obtained  using  the  Manning's  friction  factor  (Ccp)  have  the  lowest  magnitudes  and 

those  obtained  by  Prandtl-Von  Karman  equation  (Ccv)  have  generally  (for  60%  of 

the  time)  the  highest  magnitudes.  However,  some  very  low  values  of  the  Shields' 

coefficient  were  obtained  using  the  Prandtl-Von  Karman  equation. 

The  values  of  Ccv  that  are  presented  in  Table  3.1 1  were  calculated  based  on  the 

"general  datum".  As  mentioned  in  the  previous  section,  the  values  of  that  were 

calculated  based  on  the  other  three  datums  are  higher  than  the  ones  obtained  using 

the  "general- datum"  and,  therefore,  much  higher  than  the  values  of  C  and  C 

cn  cf 

Because  of  the  wide  range  of  values  of  C  (as  shown  in  Tables  3.10  and  3.11),  a 

cv 

general  conclusion  cannot  be  made  as  if  the  values  of  CQv  represent  the  actual 
values  of  bed  critical  Shields'  coefficient  or  not.  This  raises  the  question  of  the 
validity  of  the  Prandtl-von  Karman  equation  in  predicting  the  shear  stress  on  the 
riprap  surface,  x^,  and,  therefore,  bed  Shields'  coefficient. 

3.3  ^ffgptQf  f^Rpgkf 

The  1  in.  riprap  contained  about  10  percent  flat  rocks.  To  oetermine  the 
influence  of  these  flat  rocks  on  the  failure  of  the  riprap,  the  flat  rocks  were 
removed  after  the  first  series  of  tests  and  the  tests  were  repeated. 

No  significant  changes  in  critical  Shields'  coefficient  were  observed  after 
removal  of  flat  rocks.  The  values  of  critical  Shields'  coefficient  differ  appreciably 
only  for  a  flow  rate  of  25  cf s  (see  T able  3.11-  runs  No.  7  and  37).  This  difference  is 
probably  due  to  the  influence  of  the  transition  section  of  run  No.  7  as  mentioned 
earlier  and  not  attributed  to  removal  of  the  flat  rocks. 
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Table  3.11.  Values  of  Critical  Shields  Coefficients  Calculated  by 
Different  Methods  Listed 


Riprap  Velocltydistrlb. 

Run  median  Riprap  Discharge  Darcy  C 

#  size  thicknes  Q  Overall  Manning  Meisbach - - - 


in. 

in 

cfs 

CC 

9:n 

Ccf 

l#Y«4 . 0 ' 

#X-130' 

7 

1 

2 

25 

0.044 

0.041 

0.043 

0.060 

0.072 

31 

50 

0.051 

0.045 

0.048 

0.063 

0.059 

23 

7  5 

0.046 

0.040 

0.042 

0.056 

0.060 

27 

100 

0.053 

0.045 

0.048 

0.045 

0.042 

100 

0.063 

37 

1 

2 

25 

0.056 

0.053 

0.054 

0.067 

0.076 

41 

50 

0.046 

0.041 

0.043 

0.064 

0.048 

40 

75 

0.047 

0.041 

0.043 

0.039 

0.037 

45 

100 

0.059 

0.051 

0.054 

0.030 

0.040 

57 

1 

3 

25 

0.066 

0.063 

0.064 

0.074 

0.102 

25 

0.020 

0.033 

56 

50 

0.057 

0.052 

0.054 

0.064 

0.045 

m 

50 

0.067 

60 

75 

0.067 

0.060 

0.063 

0.079 

0.041 

64 

100 

0.067 

0.058 

0.062 

0.041 

0.042 

67 

2 

4 

50 

0.055 

0.049 

0.052 

0.059 

50 

0.046 

72 

75 

0.049 

0.041 

0.045 

0.050 

0.049 

75 

0.030 

74 

100 

0.058 

0.047 

0.053 

0.034 

0.035 

84 

2 

6 

50 

0.067 

0.059 

0.063 

0.049 

50 

0.037 

so 

0.020 

88 

75 

0.068 

0.058 

0.064 

0.057 

93 

100 

0.074 

0.061 

0.068 

0.081 

Note:  More  than 
different 


one  value  of  C.y  for  a  given  run  resulted  from 
velocity  distribution  profiles  along  a  section. 
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3.6  fcffect  Of  The  Riprap  Thickness  On  Critical  Shields'  Coefficient/^  ) 

c 

The  failure  criterion  for  riprap  was  the  exposure  of  the  filter  blanket  after  a 

run.  For  a  given  discharge,  the  run  at  which  the  flume  slope  was  one  increment 

lower  than  the  failure  run  was  regarded  as  the  incipient  failure  run  from  which  the 

critical  Shields'  coefficient  was  calculated.  Based  on  the  above  definition  of  the 

incipient  failure  run,  it  was  expected  that  the  riprap  with  greater  thickness  would 

have  higher  values  of  critical  Shields'  coefficient.  This  is  because  the  Shields' 

coefficient  is  used  to  define  a  point  that  is  the  result  of  a  significant  amount  of 

motion  of  the  riprap  even  prior  to  what  is  defined  as  a  failure. 

The  values  of  critical  Shields'  ixiefTirient,  C  ,  are  presented  in  Table  3.11. 

c 

These  values  show  that,  on  the  average,  the  critical  Shields'  coefficient  increased  22 
percent  for  1  in.  rocks  and  30  percent  for  2  in.  rocks  when  rock  thickness  increased 
from  2d  to  3d  .  The  values  of  overall  critical  Shields'  coefficient  calculated 

90  SO 

from  equation  (3.7)  (C  )  are  plotted  in  Figure  3.1.  The  increase  in  the  critical 

C 

Shields'  coefficient  as  shown  in  Figure  3.1  was  relatively  small  when  the  rock  size 
increased  from  1  in.  to  2  in.  (6  percent  on  the  average)  and  the  thickness  remained 
at  2d  .  However,  the  critical  Shields'  coefficient  Increased  about  30  percent  when 

90 

rock  riprap  thickness  increased  from  2d  to  3d  . 

90  90 


Thickness  in. 
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DISCHARGE,  cfs 

Fiqure  3.1  Values  of  overall  critical  Shields’  coefficient  tor  different  rock  sizes  and  tnictcnesses. 
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3.7  SffecLof  Riprap  Gradation  on  Critical  Shields'  Coefficient  (CJ 

To  examine  the  effect  of  gradation,  values  of  overall  critical  Shields' 
coefficients  are  plotted  in  Figure  3.2  for  the  riprap  materials  presented  in  Table 
3.12.  The  values  of  d^/d^  are  used  as  the  parameters  to  represent  the  gradation 
of  riprap  material.  The  values  of  d<#/di#  in  Table  3.12  indicates  that  the  riprap 
material  of  this  1985  Study  and  the  2  in.  riprap  of  the  1982  Report  had  a  more 
uniform  gradation  than  the  1  in.  riprap  of  the  1983  Report. 

As  shown  in  Figure  3.2,  the  range  of  values  of  the  critical  Shields'  coefficients  for  1 
in.  riprap  of  the  1983  Report  was  lower  than  the  rest  of  data  points.  These  results 
show  that  a  riprap  with  more  uniform  gradation  is  more  stable.  Additional  data  are 
required  to  generalize  the  effect  of  gradation  on  riprap  stability. 


TABLE  3.12  Gradation  of  the  Riprap  Material 


1  in 
so 

Riprap  Thickness 

d  /d 

«N  IS 

Year  of  Study 

1 

2 

2.0 

198^ 

1 

2 

4.4 

1983 

2 

4 

2.4 

1985 

1.87 


2.8 


1982 
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3.8  Comparison  With  Shields*  Diagram 

Shields'  diamgram  is  an  experimental  relationship  between  the  values  Shields' 
coefficient  for  Incipient  motion  runs  (Ccl  =  tc  /(  yw  (s-l)d))  and  grain  Reynolds 
number  (R»  s  U,d/\>)  where  U#  is  shear  velocity  in  fps,  d  is  particle  size  in  ft,  and 
v  is  kinematic  viscosity  in  fta/sec.  Shields  assumed  that  for  a  flat  bed  of  uniform 
particle  size,  C c-  is  only  a  function  of  R*  (Rouse,  1930).  Shields'  diagram  is  shown 
in  Figure  3.3.  Shields  determined  this  relationship  by  measuring  the  washed  out 
mterial  (bed  load)  at  various  values  of  t/(yw  (s-l)  d)  at  least  twice  as  large  as  the 
critical  value  (Cci)  and  then  extrapolating  to  the  point  of  zero  washed  out  material 
(Gessler,  1971).  Gessler  (1971)  argued  that  some  of  Shields  bed  load  measurements 
were  under  conditions  where  ripples  and  small  duens  prevailed,  and  therefore  the 
shear  stress  on*  bed  was  resisted  by  both  bed  deformation  and  grain  roughness. 
Gessler  concluded  that  values  of  Cci  determined  by  Shields  were  up  to  10  percent 
too  high.  Gessler  modified  the  Shields'  diagram  as  shown  in  Figure  3.3. 

To  compare  the  results  of  this  riprap  stability  study  with  Shields'  diagram,  the 
values  of  overall  critical  Shields'  coefficient  (Cc)  versus  boundary  Reynolds'  number 
(R,  =  U„  d  /  u)  are  presented  in  Table  3.13  and  plotted  in  Figure  3.3.  In  this 

SO 

figure,  the  values  of  from  the  1982  and  1983  Reports  are  also  plotted.  Note  that 
the  original  Shields'  diagram  was  constructed  using  the  values  of  Shields'  coefficient 
for  incipient  motion  runs  but  values  of  C£  are  for  the  incipient  failure  runs,  the 
scatter  of  data  points  in  Figure  3.3  are  most  probably  due  to  two  reasons:  1)  In 
incipient  failure  runs  some  of  the  riprap  material  may  move  without  exposing  the 
underlying  filter  blanket,  this  is  more  pronounced  in  rirpraps  with  greater 
thicknesses.  As  shown  in  Figure  3.3,  the  values  of  for  3d^  thickness  riprap  are 
greater  than  the  Shields'  coefficient  of  0.06.  2)  The  riprap  materials  were  not 
uniform  in  size.  The  data  points  in  Figure  3.3  represent  various  riprap  gradations. 
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The  data  points  in  Figure  3.3  indicate  that  the  values  C  obtained  from  the 

c 

recent  study  are  generally  higher  than  those  of  the  previous  reports.  There  is  some 
overlap  between  the  Cc  values  of  the  2  in.  riprap  of  1982  Report  and  the  recent 
data.  Agreement  does  not  exist  for  1  in.  rocks  of  the  1963  Report  and  the  present 
study.  There  is  a  pronounced  difference  Detween  the  critical  Shields'  coefficient, 
C  ,  based  upon  the  riprap  thickness  of  2d  and  3d  .  The  variations  in  C  among 

C  90  90  C 

various  ripraps  can  be  attributed  to  the  differences  in  thicknesses  and  gradations  of 
the  riprap  material.  As  discussed  in  section  3.6,  is  expected  that  a  riprap  with 
greater  thickness  requires  greater  bed  shear  stress  (or  Shields'  coefficient)  to  begin 
to  fail,  the  Influence  of  gradation  was  discussed  in  section  3.7.  The  difference  in 
C  values  for  1  in.  riprap  (2d  thick)  of  the  1983  Report  and  the  present  study  may 

C  90 

be  because  of  the  differences  in  gradations  of  the  ripraps.  Some  of  these 
discrepancies  are  also  because  of  the  procedure  to  change  the  flume  slope  to  reach 
the  incipient  failure  run.  The  actual  point  of  incipient  failure  could  occur  at  h  point 
where  the  slope  was  between  that  slope  called  failure  and  that  slope  skI.  one 
increment  lower  than  failure. 

3-9  Maximum  Stable  Slopes  At  The  Incipient  Failure  Runs 

The  slopes  of  the  Incipient  failure  runs  versus  flow  rate  are  plotted  in 
Figure  3.4.  This  figure  also  contains  the  information  from  the  previous  report.  No 
general  conclusion  can  be  drawn  from  this  plot. 
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Table  3.13.  Values 

of  cc  and 

R* 

Riprap 

aedlan 

size 

In. 

Riprap 

thickness 

In. 

Discharge 

Q 

cfs 

Run 

• 

Overall 
Shields 
coef . 

Boundary 

Reynolds 

number 

R* 

1 

2 

25 

7 

0.044 

3725 

1 

2 

50 

31 

0.051 

3979 

l 

2 

75 

23 

0.046 

3802 

1 

2 

100 

27 

0.053 

4077 

l 

2 

25 

37 

0.056 

4186 

l 

2 

SO 

41 

0.046 

3791 

l 

2 

75 

40 

0.047 

3847 

l 

2 

100 

45 

0.059 

4296 

l 

3 

25 

57 

0.066 

4540 

l 

3 

50 

56 

0.057 

4220 

l 

3 

75 

60 

0.067 

4579 

l 

3 

100 

64 

0.067 

4584 

2 

4 

50 

67 

0.055 

11580 

2 

4 

76 

72 

0.049 

10921 

2 

4 

100 

74 

0.058 

11920 

2 

6 

50 

84 

0.067 

12768 

2 

6 

75 

88 

0.068 

12914 

2 

6 

100 

93 

0.074 

13438 
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CHAPTCR  4 

SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 

A  total  of  94  tests  were  conducted  on  riprap  with  d  si  in.  and  d  =2  in.  and 

•o  so 

with  thickness  layers  of  2d  and  3d  .  The  flow  rates  tested  were  25,  50,  75,  and 

so  so 

100  cfs.  The  tests  were  conducted  in  the  8  ft  tilting  flume  of  the  Hydraulics 
Laboratory,  Engineering  Research  Center  of  Colorado  State  University.  For  each 
riprap  and  each  flow  rate  the  flume  slope  was  increased  by  small  increments  until 
the  failure  of  the  riprap  occurred.  The  exposure  of  the  filter  blanket  underneath  the 
riprap  was  the  failure  criterion.  The  run  with  the  flume  slope  reduced  one 
increment  lower  than  the  slope  at  failure  was  considered  to  be  the  incipient  failure 
run.  Velocity  data  were  collected  either  by  ott  meter  or  pitot  tube.  The  data  are 
presented  in  the  Appendices. 

The  following  conclusions  are  made  in  this  study. 

1.  The  average  values  calculated  for  bed  Manning's  roughness,  nfa,  agree  with 
the  ones  calculated  by  Anderson  et  ai.  equation.  Strickler  equation 
underestimates  the  bed  Manning's  roughness  factor. 

2.  The  values  of  bed  Shields'  coefficient  at  the  incipient  failure  conditions 

range  from  0.041  to  0.054  for  riprap  placed  2djo  thick  and  range  from 

0.052  to  0.068  for  riprap  placed  3d  thick.  The  above  values  are 

•o 

obtained  using  the  Manning's  and  Darcy -Welsbach  friction  factors. 
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Shields'  coefficients  calculated  using  velocity  distribution  equations, 
range  from  0.Q20  to  0.102.  These  differences  resuit  from  local  flow 
patterns  and  velocity  distributions. 

3.  No  general  relationship  exists  between  maximum  stable  slope  and  rock 
size  for  a  given  flow  rate.-  There  is  a  trend  of  the  maximum  slope 
increasing  with  riprap  size  as  shown  in  Figure  3.4. 

4.  Generally,  The  wide  range  of  the  results  is  most  likely  due  to  the  wide 
variation  in  gradations  and  thicknesses  of  ripraps. 

The  recommendations  are  generally  similar  to  the  ones  presented  in  the  1982 
and  1983  Reports.  It  is  suggested  that  a  small  portion  of  the  riprap  be  painted  and 
placed  in  a  grid  on  the  surface  of  the  riprap.  Displacement  of  a  percentage  of 
painted  rocks,  then  can  be  used  to  define  the  incipient  motion  or  incipient  failure 
runs.  Some  means  should  be  designed  to  observe  the  behavior  of  the  painted  rock 
during  a  test,  for  example,  using  a  video  camera  and  recorder. 
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The  notations  used  in  the  appendices  are  as  follows: 

Q  =  nominal  discharge,  cfs 

S  =  bed  slope  of  the  flume 

O  =  depth  of  flow,  ft 

V  =  average  velocity,  fps 

X  =  station  along  the  flume,  starting  at  the  upstream  end  of  the 

flume,  ft 

V  =  distance  across  the  flume  from  the  west  wall  of  the  flume,  ft 

Z  =  depth  at  which  velocity  was  measured  (vertical  distance  above 

the  "general”  datum),  ft 

Rock  Size  =  the  median  size  or  d  of  the  riprap,  in. 

SO 

Thickness  =  thickness  of  the  riprap,  in. 

Fraction  of 

Depth  =  Z/D,  measured  above  the  "general”  datum 
Temp.  s  water  temperature,  *F 


APPENDIX  A 
SUMMARY 


Table  A-l.  Summary  at  the  Tests  Conducted  for  the  1  in.  Riprap 
with  2  in.  Thickness 


Discharge 

Flume 

Average 

Average 

Froude 

Water 

Area 

Test 

a 

Run 

slope 

velocity 

depth 

number 

temp. 

washed  duration 

cf  s 

# 

S 

V  ,fps 

D  ,  ft 

F 

F 

sq.  ft 

hrs 

25 

*  1 

0. 00367 

2.57 

1.273 

0.40 

74 

3*5 

*  2 

0.00490 

3.55 

0.906 

0.66 

74 

2.5 

*  3 

0.00617 

3.87 

0.846 

0.74 

72 

3.0 

*  4 

0.00/49 

4.22 

0.  745 

0.86 

72 

3.0 

*  5 

0.00072 

4.45 

0.714 

0.93 

74 

n 

4m 

2.5 

f*  6 

0.01012 

4.59 

0.689 

0.97 

74 

23 

2#  5 

**  7 

0. 00869 

4.  77 

0.714 

0.99 

74 

4.0 

50 

*  8 

0.00220 

3.76 

1.703 

0.51 

74 

2.5 

*  9 

0.00269 

4.  12 

1.519 

0.59 

75 

2,0 

*10 

0. 00334 

No  data  collected 

because  of 

power 

f ailure 

1.7 

*11 

0.00481 

4.62 

1.305 

0.71 

74 

40 

2.  0 

*12 

0.00317 

4.22 

1.432 

0.62 

74 

4.  0 

28 

0. 00409 

3.35 

1.336 

0.53 

71 

2.0 

29 

0.00490 

4.30 

1.262 

0.67 

71 

2.0 

30 

0.00561 

4.76 

1 . 252 

0.75 

72 

0.03 

2.3 

*  31 

0.00561 

5.06 

1.262 

0.79 

72 

4.0 

75 

*13 

0.00239 

Test  was 

repeated 

because  of 

low  tail  water 

depth. 

*14 

0.00239 

4.48 

2.098 

0  •  55 

74 

2.0 

*15 

0.00283 

4.70 

2.009 

0.58 

68 

0.7 

2.0 

•  16 

0.  00340 

4.90 

1.891 

0. 63 

74 

25 

2.0 

*17 

0.00281 

4.64 

1.970 

0.58 

70 

3.5 

*13 

0.00281 

4.63 

1.966 

u.  58 

74 

13 

2.0 

19 

0.00281 

No  data  collected 

because  ot 

power 

tai 1 ure 

2.0 

20 

0. 00284 

5.03 

2.018 

0.62 

63 

2.0 

21 

0  ■  00-joo 

5.  14 

1.836 

0.66 

71 

2.0 

f  22 

0.  004O7 

4.  64 

1.302 

0.61 

a/ 

12 

2.  0 

*  23 

0.0034 3 

5.  02 

1.885 

0.  64 

71 

4.  0 

100 

24 

0.00225 

4.  86 

2.479 

0.54 

2.0 

25 

0.00266 

4.62 

2.397 

0 . 53 

70 

2.0 

t  26 

0 . 00300 

5.  15 

2.286 

0.  60 

72 

2.  0 

*  27 

0.  00313 

5.06 

42  •  w3  / 

0.58 

70 

0.  7 

3.5 

f  Failure  of  riprap 
«  Incipient  failure  conditions 

S  The  slope  of  tne  transition  section  Mas  1.75%  more  than  tnat 
of  the  test  section  (see  Chapter  3). 


Table  A-2.  Summary  of  the  Teste  Conducted  for  the  1  in.  Riprap 
with  2  in.  Thickness  (After  removing  flat  rocks) 


Discharge 

Flume 

Average 

Average 

Froude 

Water 

Area 

Test 

Q 

Run 

slope 

velocity 

depth 

nuflioer 

temp. 

washed 

duration 

cfs 

» 

S 

V  ,+ps 

D  ,  ft 

h 

•F 

sq.  rt 

hrs 

25 

33 

0.00998 

4.40 

-  0.684 

0.94 

70 

2.0 

34 

0.01088 

4.51 

6.  703 

0.95 

68 

4.0 

35 

>.*.01 186 

4.  72 

0. 672 

1.01 

68 

2.0 

f 

36 

0.01337 

4.95 

0.  618 

1.11 

68 

7.2 

2.0 

* 

37 

0.01204 

4.77 

O.  651 

i .  04 

68 

2.7 

4.0 

50 

f 

32 

0. 00558 

4.  90 

1.300 

0.76 

70 

10.8 

5.0 

* 

41 

0.00475 

4.71 

1.353 

0.71 

62 

2.5 

2.5 

75 

f 

38 

0.00402 

5.  02 

1.832 

0.  65 

63 

0.4 

2.0 

f 

39 

0.00377 

5.00 

1.842 

0. 65 

69 

0.  1 

2.0 

1 

40 

0.00345 

4.84 

1.918 

0.  62 

72 

4.0 

100 

42 

0.00314 

4.97 

2.371 

0.57 

68 

2.5 

43 

0. 00403 

4.90 

2.415 

0.56 

66 

1.8 

f 

44 

0.00436 

S.  20 

2.210 

0.62 

63 

17.7 

2.0 

* 

45 

0.00354 

5.09 

2.332 

0.59 

72 

2.5 

4.0 

*  Incipient  failure  condition 
f  Failure  Conditions 


Table  A-3.  Summary  of  the  Tests  Conducted  for  the  1  in.  Riprap 
with  3  in.  Thickness 


Di scharge 

Flume 

Average 

Average 

Froude 

Water 

Area 

Test 

Q 

Run 

slope 

velocity 

depth 

number 

temp. 

washerd 

duration 

cfs 

# 

S 

V  ,fps 

D  ,  ft 

F 

•F 

sq.  ft 

hrs 

25 

46 

0.00880 

4.37 

0.720 

0.91 

66 

2.0 

47 

0.01011 

4.61 

0._688 

0.98 

69 

2.0 

48 

0.01313 

5.02 

-  0.640 

1.11 

68 

2.0 

* 

57 

0.01475 

5.02 

0.625 

1.  12 

64 

4.5 

- 

f 

58 

0.01626 

5.52 

0.  568 

1.29 

67 

23 

3.0 

50 

49 

0.00526 

4.94 

1.268 

0.77 

70 

2.0 

50 

0.00636 

5.36 

1.169 

0.87 

68 

3.5 

51 

0.00726 

5.61 

1.102 

0.94 

68 

4.6 

3.3 

52 

0. 00726 

5.74 

1.906 

0.73 

63 

2.7 

f 

53 

0.00802 

5.66 

1.095 

0.95 

58 

37.4 

2.0 

f 

54 

0.00732 

5.64 

1.111 

0.94 

64 

23 

1.7 

f 

55 

0.00732 

5.03 

1.245 

0.79 

65 

3.7 

4.3 

* 

56 

0.00647 

5.11 

1.231 

0.81 

67 

4.0 

75 

59 

0.00423 

4.  90 

1.907 

0.63 

68 

3.0 

* 

60 

0.00517 

5.11 

1.814 

0.67 

72 

3.0 

f 

61 

.0.00621 

5.50 

1.714 

0.74 

73 

49.5 

2.0 

100 

62 

0.00406 

4.63 

2.513 

0.51 

75 

2.5 

f 

63 

0. 00457 

5.25 

2.210 

0.62 

67 

2 

2.5 

* 

64 

0.00409 

5. 10 

2.298 

0.59 

65 

3.0 

*  incipient  failure  conditions 
f  Failure  conditions 


in.  Riprap 


Table  A-4.  Summary  of  the  fasts  Conducted  for  the  2 
with  4  in.  Thickness 


Discharge 

Flume 

Average 

Average 

Froude 

water 

Area 

Test 

Q 

Run 

slope 

velocity 

depth 

number 

temp. 

washed 

duration 

cfs 

# 

S 

V  ,fps 

D  ,  ft 

F 

•f 

sq.  ft 

hrs 

25 

76 

0.01193 

4.55 

0.681 

0.97 

67 

3.0 

77 

0.01858 

5.27 

0.598 

1.20 

67 

1.5 

50 

65 

0.00998 

5.03 

1.246 

0.79 

68 

2.8 

66 

0.01378 

6.13 

1.019 

1.07 

75 

2.0 

*  67 

0.01519 

6a  j6 

0.987 

1.13 

72 

1.7 

68 

0.01796 

6.71 

0.935 

1.22 

72 

3.3 

f  69 

0.01888 

6.63 

0.948 

1.20 

68 

59.8 

1.7 

f  78 

0.01579 

6.  14 

1.022 

1.07 

68 

5.5 

1.7 

75 

f  70 

0.01110 

6.65 

1.410 

0.99 

69 

64.  1 

0.8 

71 

0.00781 

6.33 

1.483 

0.92 

70 

2.5 

*  72 

0.00937 

6.81 

1.423 

1.01 

70 

2.0 

100 

73 

0.00731 

6.43 

1.954 

0.81 

72 

2.5 

*  74 

0.00840 

6.62 

1.891 

0.85 

71 

3.0 

f  75 

0.01066 

7.00 

1.804 

0.92 

70 

27 

2.3 

*  Incipient  failure  conditions 
f  Failure  conditions 


Tabic  A-5.  Summary  of  the  Tests  Conducted  for  the  2  in.  Riprap 
Mith  6  in.  Thickness 


Di scharge 

Flume 

Average 

Average 

Froude 

water 

Area 

Test 

a 

Run 

slope 

velocity 

depth 

number 

temp. 

washed 

duration 

cf  s 

# 

S 

V  ,fps 

D  ,  ft 

F 

•F 

sq.  ft 

hrs 

mmt 

mmmm 

iBssaaaass 

25 

79 

0.01180 

4.42 

0.710 

0.92 

68 

2.0 

SO 

0.01870 

5. 17 

CU607 

1.17 

69 

2.0 

50 

81 

0.01205 

5.90 

1.068 

1.01 

70 

2.0 

82 

0.01544 

6.47 

0.966 

1.16 

67 

2.7 

83 

0.01724 

6.76 

0.928 

1.24 

67 

1.5 

* 

84 

0.01879 

6.61 

0.970 

1.18 

68 

2.0 

75 

85 

0.00898 

6. 19 

1.519 

0.89 

72 

1.7 

86 

0.01095 

6.58 

1.414 

0.98 

72 

1.5 

87 

0.01206 

6.63 

1.423 

0.98 

73 

1.5 

* 

88 

0.01359 

6.88 

1.372 

1.04 

73 

2.0 

f 

89 

0.01565 

6.84 

1.399 

1.02 

75 

9.6 

2.3 

100 

90 

0.00866 

6.97 

1.808 

0.91 

77 

2.3 

91 

0.00938 

6.96 

1.796 

0.92 

77 

1.3 

92 

0.01084 

7.39 

1.711 

1.00 

77 

2.0 

* 

93 

0.01189 

7.44 

1.698 

1.01 

75 

2.3 

f 

94 

0.01300 

8.02 

1.572 

1.13 

75 

15 

1.3 

*  Incipient  failure  conditions 
f  Failure  conditions 


APPENDIX  B 


VELOCITY  DATA 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


8=25  cfs 

Rock 

size  1 

in. 

Thickness 

2  in. 

X 

Y 

0 

Fraction 

Velocity 

(ft) 

(ft) 

(ft) 

of  Depth 

ft/sec 

Run  #  1 

110 

4.0  - 

1.25 

0.  80 

3.09 

S=0.  Out)  72 

0.  20 

2.  13 

125 

4.  0 

1.26 

0.  80 

2.91 

0.  20 

-9 

140 

4.  0 

1.32 

0.  80 

3.04 

0.  20 

1.94 

Run  #  2 

110 

4.0 

0.89 

0.  80 

4.20 

3=0. 00490 

0.20 

3.  18 

125 

4.0 

0.89 

0.  80 

4.23 

0.  20 

2.94 

140 

4.0 

0.94 

0.  80 

4.  06 

0.  20 

2.70 

Run  #  3 

110 

4.0 

0.82 

0.  30 

4.50 

S=0. 00617 

0.  20 

3.32 

125 

4.0 

0.84 

0.80 

4.54 

0.  20 

3  •  35 

140 

4.0 

0.89 

0.  80 

4.33 

0.  20 

3.  Id 

Run  #  4 

110 

4.0 

0.75 

0.  80 

4.81 

3=0. 00749 

0.  20 

125 

4.0 

0.  78 

0.  80 

4.88 

0.  20 

3.62 

140 

4.0 

0.  86 

0.  80 

4.  98 

0 . 20 

3.  72 

Run  #  5 

110 

4.0 

0.71 

0.  80 

5.  13 

3=0. 00872 

0.  20 

4 . 06 

125 

4.0 

0.71 

0.  80 

5.29 

0 . 20 

3.28 

140 

4.0 

0.72 

0.  80 

5.29 

0.  20 

3.  62 

Run  #  6 

110 

4.0 

0.  72 

0.  80 

5.  15 

S=0. 01012 

0 . 20 

3.59 

125 

4.0 

0. 65 

0 . 80 

5.59 

0.  20 

4.06 

140 

4.0 

0.69 

0.  80 

5.46 

0.  20 

3.69 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  7 

S=0. 00845 

Rock  size 

1  in. 

0=25  cf  s 

Temp.  74 

F  Thickness 

2  in. 

Fraction 

Depth 

Velocity 

Vel oci ty 

Velocity 

of  Depth 

Z 

ft /sec 

ft/sec 

ft /sec 

(ft) 

<SY=  1 . 33  ’ 

5>Y=4.00’ 

S>Y=6.  67 ’ 

X=1 10’ 

0.90 

0.  64 

4.57 

5.  46 

5.  15 

D=0 .715’ 

0.  70 

0.  50 

5.32 

5.  25 

4.91 

0.50 

0  ■  06 

5.  15 

4.64 

4.40 

0.30 

0.21 

4.47 

4.00 

3.76 

X=125’ 

0.90 

0.63 

5.66 

5.46 

4.98 

0=0.703’ 

0.  70 

0.49 

5e  35 

5.  12 

4.98 

0.  50 

0.35 

4.67 

4.64 

4.57 

0.  30 

0.21 

4.06 

4.03 

3.93 

X= 140’ 

0.90 

0.  65 

5.35 

5.42 

5.32 

D=0. 724’ 

0.70 

0.51 

5.05 

5.  05 

5.01 

0.50 

0.  36 

4.64 

4.67 

4.50 

0.30 

0.22 

4.  10 

4.00 

3.89 

CORPS  OF 

ENGINEERS 

RIPRAP 

PROJECT 

Q=50  cf s 

Rock  size 

1  in. 

Thickness 

2  in. 

X 

Y 

0 

Fraction 

Velocity 

(ft) 

(ft) 

(ft) 

of  Depth 

ft /sec 

Run  #  8 

110 

4.  00 

1.70 

0.80 

4.44 

S*0. 00220 

0.  20 

3.08 

125 

4.00 

1.70 

0.80 

4.30 

0.20 

3.28 

140 

4.00 

1.71 

0.  08 

4.40 

0.02 

3.08 

Run  *  9 

no 

4.  00 

1.51 

0.80 

5.  15 

S*0. 00269 

0.20 

3.25 

125 

4.00 

1.52 

0.80 

4.67 

0.  20 

3.55 

140 

4.00 

1.52 

0.  80 

4.78 

0.20 

3.32 

Run  *  10 

no 

4.  00 

1.42 

0.80 

5.05 

S^O. 00334 

0.20 

3.62 

125 

4.00 

1.46 

0.80 

4.61 

0.20 

Run  *  11 

no 

4.00 

1.37 

0.80 

5.05 

S=0. 00481 

0.20 

3.96 

125 

4.00 

1.26 

0.80 

4.71 

0.20 

4.37 

140 

4.00 

1.29 

0.  80 

5.25 

0.20 

4.40 

CORPS  OF 

ENGINEERS 

RIPRAP 

PROJECT 

Run  #  12 

S=0 . 00317 

Rock  size 

1  in. 

Q=50  cfs 

Temp  74  F 

Thi ckness 

2  in. 

Fraction 

Depth 

Vel oci ty 

Velocity 

Velocity 

of  Depth 

Z 

ft /sec 

ft /sec 

ft /sec 

(ft) 

Y  =1.33’ 

5 

• 

n 

> 

Y  =6.67’ 

X=1 10’ 

0. 90 

1.26 

5.49 

5.49 

w  •  9-' 

0=1.404’ 

0.70 

0.98 

5.35 

4.91 

4.20 

0.50 

0.70 

4.98 

4.61 

4.  13 

0.30 

0.42 

4.37 

3.79 

3.83 

0.  10 

0.  14 

3.01 

3.04 

2.84 

Xs3 125’ 

0.90 

1.29 

5.  14 

5.01 

4.06 

D= 1.435’ 

0.  70 

1 . 00 

5.  19 

4.78 

4.33 

0.  50 

0.  72 

4.95 

4.57 

4.  13 

0.  30 

0.43 

4.33 

3.96 

3.83 

0.  10 

0.  14 

3.04 

2.87 

2.81 

X=140’ 

‘  0.90 

1.31 

4.98 

5.  12 

4.40 

0=1.458’ 

0.  70 

1.02 

5.  12 

4.78 

4.64 

0.50 

0.73 

4.71 

4.40 

4.44 

0.30 

0.44 

4.06 

3.93 

3.72 

0.  10 

0.  15 

3.04 

2.94 

2.67 

CORPS 

OF 

ENGINEERS 

RIPRAP 

PROJECT 

Q*75  cfs 

Rock  size 

1  in. 

Thickness 

2  in. 

X 

(ft) 

Y 

(ft) 

D 

(ft) 

Fraction 
of  Depth 

Veloci ty 
ft /sec 

Run  #  13 

no 

4.00 

2.11 

0.80 

5.  35 

3*0.00239 

0.20 

3.49 

125 

4.00 

2.07 

0.80 

5.35 

0.20 

3.93 

140 

4.  00 

2.06 

0.08 

5.49 

0.02 

4.23 

Run  #  14 

no 

4.00 

2.09 

0.80 

5.25 

S*0. 00239 

0.20 

3.79 

125 

4.00 

2.  10 

0.80 

5.  12 

0.  20 

3.76 

140 

4.00 

2.  10 

0.80 

S 

w  m 

0.20 

3.76 

Run  #  15 

no 

4.00 

2.06 

0.80 

5  •  o5 

S*0. 00288 

0.20 

3.50 

125 

4.00 

1.98 

0.80 

5.  86 

0.20 

4.00 

140 

4.00 

1.99 

0.80 

5.52 

0.20 

3.96 

Run  «  16 

no 

4.  00 

1.80 

0.80 

6.07 

S*0. 00340 

0.  20 

3.69 

125 

4.  00 

1.91 

0.80 

5.69 

0.20  4.13 
0.80  5.73 
0.20  4.10 


140 


4.00 


1. 88 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  17 

S=0. 00281 

Rock  size 

1  in. 

Q=75  cf s 

Temp .  70 

F 

Thickness 

2  in. 

Fraction 

Depth 

Vel oci ty 

Velocity  Velocity 

of  Depth 

Z 

ft/sec 

ft/sec 

ft /sec 

(ft) 

Y  =1.33’ 

Y  =4.00’  Y 

=6.67’ 

X=1 10* 

0.90 

1.79 

5.39 

5.69 

4.37 

D=1.985’ 

0.70 

1.39 

5.49 

5.25 

5.05 

0. 50 

0.99 

5.29 

4.74 

5.09 

0. 30 

0.  60 

4.47 

4.06 

4.61 

0.  10 

0.20 

3.01 

2.91 

3.  18 

X=125’ 

0.  90 

1.74 

5.  52 

6.  00 

4.60 

D= 1.930’ 

0.  70 

1  •  35 

5.42 

5.46 

5 . 08 

0.  50 

0.97 

5.01 

5.01 

4.95 

0.30 

0.58 

4.74 

4.40 

4.57 

0.  10 

0.  19 

■  66 

2.98 

3.42 

X  3 1 40 ’ 

0.90 

1.80 

5.22 

5.62 

4.37 

D- 1.996 

0.70 

1.40 

5.49 

5.52 

4.74 

0.50 

1.00 

5.  15 

4.95 

4.78 

0.30 

0.60 

4.74 

4.44 

4.  13 

0.  to 

0.20 

3.69 

3.32 

3.  15 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Q=75  cfs 

Rock  sizs 

1  in. 

Thickness 

2  in. 

X 

Y 

D 

Fracti on 

Velocity 

(ft) 

(ft) 

(ft) 

of  Depth 

f t/sec 

Run  *  18 

110 

4.  00 

1 . 98 

0.80 

5.42 

S-O. 00281 

0.  20 

3.38 

125 

4.00 

1.94 

0.80 

5.69 

0.20 

3.69 

140 

4.00 

1.98 

0.08 

5.52 

0.02 

3.  79 

Run  #  20 

120 

4.00 

2.01 

0.80 

5.93 

S*0. 00284 

0.20 

4.37 

130 

4.00 

2.02 

0.80 

5.76 

0.20 

4.20 

140 

4.00 

2.02 

0.80 

5.86 

0.20 

4.06 

Run  «  21 

120 

4.00 

1.87 

0.80 

6.  10 

S-O. 00333 

0.20 

3.86 

130 

4.00 

1.90 

0.80 

6.03 

0.20 

4.30 

140 

4.00 

1.89 

0.80 

6.20 

0.20 

4.30 

Run  #  22 

120 

4.  00 

1.81 

0.80 

5.  79 

S*0. 00407 

0.20 

3.51 

130 

4.00 

1.79 

0.80 

5.  56 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  23  S*0. 00343  Rock  size  1  in. 

Q=75  cfs  Temp.  71  F  Thickness  2  in. 


Fraction 
of  Depth 

Depth 

Z  . 

<ft) 

Velocity 
ft/sec 
3 Y* 1.33’ 

Velocity 
f t/sec 
3Y=4.00’ 

Velocity 
■ft /sec 
3Y=6.67’ 

X=120’ 

0.90 

1.69 

5.39 

6.44 

5.49 

D=1 . 880’ 

0.70 

1.32 

5.73 

6.  13 

5.59 

0.50 

0.94 

5.39 

5.49 

5.42 

0.30 

0.56 

4.84 

4.78 

4.67 

0.  10 

0.  19 

3.21 

3.59 

3.52 

X=130’ 

0.90 

1.69 

5.32 

6.  13 

5.52 

D-1.883’ 

0.70 

1.32 

5.57 

5.73 

5.42 

0.  50 

0.94 

5.49 

5.46 

5.29 

0.30 

0.  56 

4.57 

4.91 

4.74 

0.  10 

0.  19 

3.49 

3.  35 

3.52 

X=140’ 

0.90 

1.70 

5.42 

6.  17 

5.59 

D= 1 . 892 ’ 

0.70 

1.32 

5.59 

5.96 

5.66 

0.50 

0.95 

5.39 

5.66 

5.49 

0.30 

0.57 

4.71 

4.88 

4.71 

0.  10 

0.  19 

3.49 

3.59 

3.38 

/ 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Q=100  cfs 

Rock  size 

1  in. 

Thickness 

2in. 

X 

(ft) 

Y 

(ft) 

D 

(ft) 

Fraction 
of  Depth 

Velocity 
f t/sec 

Run  #  24 

120 

4.00 

2.48 

0.80 

5.79 

S=0. 00225 

0.20 

3.93 

130 

4.00 

2.47 

0.80 

5.  79 

0.20 

3.83 

140 

4.00 

2.49 

0.08 

5.69 

0.02 

4.  13 

Run  «  25 

120 

4.00 

2.39 

0.80 

5.  66 

S=0. 00266 

0.20 

3.69 

130 

4.00 

2.39 

0.80 

5.39 

0.20 

3.72 

140 

4.00 

2.41 

0.80 

5.35 

0.20 

3.93 

Run  #  26 

120 

4.00 

2.28 

0.80 

6.41 

S=0. 00308 

0.20 

4.  13 

130 

4.00 

2.28 

0.80 

6.  10 

0.20 

4.06 

140 

4.00 

2.30 

0.80 

6.07 

0.20 

4.  13 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  27 
Q=100  cfs 

S=0. 00318 
Temp  70  F 

Rock  size 
Thickness 

1  1  in. 

2  in. 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 
ft/sec 
3Y-1. 33’ 

Velocity 
f t/sec 
3V*4.00' 

Vel oci ty 
ft/sec 
S)Y=6.  67’ 

X=120' 

0.90 

2.  10 

5.46 

5.  93 

5.66 

D=2. 328’ 

0.70 

1.63 

5.81 

5.22 

5.93 

0.50 

1.16 

5.62 

4.84 

5.81 

0.30 

0.70 

5.05 

4.44 

5.  13 

0.  10 

0.23 

3.66 

3.  15 

3. 66 

X= 1 30 ’ 

0.  90 

2.  10 

5.61 

6.20 

6.00 

D=2. 334' 

0.70 

1.63 

5.90 

5.81 

6.  17 

0.50 

1.17 

5.62 

5.04 

5.95 

0.30 

0.70 

4.85 

4.44 

5.09 

0.  10 

0.23 

3.80 

3.26 

3.69 

X=140’ 

0.90 

2.11 

5.48 

5.69 

5.84 

0= 2.34a’ 

0.70 

1.64 

5.73 

5.56 

6.  03 

0.50 

1.17 

5.62 

4.95 

5.62 

0.30 

0.70 

4.80 

4.54 

5.  12 

0. 10 

0.23 

3.50 

3.  10 

3.07 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Q=50  cfs 

Rock  51  ZB  1 

V  1 

1  • 

1  C 

1  H 

Thickness 

2  in. 

X 

(•ft) 

Y 

(ft) 

D 

(ft) 

Fraction 
of  Depth 

Velocity 
f t/sec 

Run  #  28 

S=0. 00409 

120 

4.00 

-1.37 

0.80 

0.  20 

4.87 

2.73 

130 

4.00 

1.39 

0.  80 
0.20 

4.90 

3 . 00 

140 

4.  00 

1.40 

0.08 

0.02 

4.74 

2.77 

Run  #  29 

S=0. 00490 

120 

4.00 

1.26 

0.80 

0.20 

5.25 

3.20 

130 

4.00 

1.25 

0.80 

0.20 

5.32 

3.31 

140 

4.00 

1.27 

0.80 

0.20 

5.52 

3.21 

Run  #  30 

S=0. 00561 

120 

4.00 

1.25 

0.80 

0.20 

5.59 

4.06 

130 

4.00 

1.25 

0.80 

0.20 

5.72 

3.72 

140 

4.  00 

1.26 

0.80 

0.20 

5.62 

3.76 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  31 
Q*SO  cfs 

S=0. 00561 
Temp.  72 

Rock  size 
F  Thickness 

1  1  in. 

2  in. 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 
-ft /sec 
3Y=1 . 33’ 

Velocity 
f t/sec 
3>Y=4.  00’ 

Velocity 

•ft/sec 

5>Y*6.67’ 

X=120’ 

0.90 

1.13 

5.99 

6.00 

5.93 

D=1 . 250’ 

0.70 

0.  88 

6.07 

5.46 

5.90 

0.50 

0.63 

5.59 

5.  11 

5.46 

0.  30 

0.38 

4.91 

4.44 

4.50 

0.  10 

0.  13 

3.72 

3.11 

3.35 

X*130’ 

0.90 

1.14 

6.  10 

5.96 

5.90 

D= 1.269’ 

0.70 

0.89 

5.93 

5.49 

5.96 

0.50 

0.63 

5.52 

5.05 

5.46 

0.30 

0.38 

4.64 

4.37 

4.88 

0.  10 

0.  13 

3.55 

3.04 

-j  •  o»5 

X=140’ 

*0.90 

1.  14 

6.00 

6.00 

6.07 

D= 1.268 

0.70 

0.89 

6.03 

5.66 

6.  10 

0.50 

0.63 

5.62 

5.05 

5.  66 

0.30 

0.38 

5.02 

4.52 

5.08 

0.  10 

0. 13 

3.45 

3.23 

3.42 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  32 . 
Q*S0  cfs 

S*0. 00557 
Temp.  70 

5 

F 

Roc  k  size 
Thickness 

1  in. 

2  in. 

Fraction 
of  Depth 

Velocity 
ft/s ec 
Y=1 . 33’ 

Velocity 
ft /sec 
Y=2. 67* 

Velocity 
ft /sec 
Y=4.00’ 

Velocity 
f t/sec 
Y*5. 32* 

Velocity 
f t/sec 
Y*6. 67’ 

X=120’ 

0.90 

5.76 

6.  10 

5.85 

6.30 

5.88 

D— 1 • 302’ 

0.70 

5.92 

5.96 

5.68 

5.  95 

5.83 

0.50 

5.59 

5.39 

5.  12 

5.63 

5.39 

0.30 

4.84 

4.88 

4.  17 

4.83 

4.70 

0.  10 

3.11 

3.63 

3.25 

3.58 

3.42 

X=l25’ 

0.90 

6.07 

5.73 

5.62 

D* 1.300’ 

0.70 

5.93 

5.46 

5.73 

0.50 

5.49 

5.08 

5.  18 

0.30 

4.  74 

4.23 

4.47 

0.  10 

3.38 

3.28 

3.  15 

X»130’ 

0.90 

5.73 

5.  76 

5.  86 

6.  06 

5.66 

0*1.267’ 

*  0.70 

5.70 

5.52 

5  •  ->5 

5.86 

5.66 

0.50 

5.25 

5.25 

4.84 

5.42 

5.  12 

0.30 

4.27 

4.54 

4.20 

4.54 

4.47 

0.  10 

3.25 

3.28 

3.  18 

3.32 

3.25 

The  Following  Data  Collected  After 

Readjustment  of  The  Depth. 

X*125’ 

0.90 

• 

5.87 

D= 1 . 292’ 

0.  70 

5.52 

0.50 

5.22 

0.30 

4.33 

0.  10 

2.96 

X*130’ 

0.90 

6.07 

5.90 

0*1.281’ 

0.70 

5.86 

5.60 

0.50 

5.46 

5.01 

0.30 

4.78 

4.40 

0.  to 

3.25 

3.21 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  33 

S=6. 00998 

Rock  size 

1  in. 

0=25  cfs 

Temp.  70 

F 

Thickness 

2  in. 

Fraction 

Depth 

Velocity 

Velocity 

Veloci ty 

of  Depth 

Z 

ft /sec 

ft/sec 

ft /sec 

(ft) 

V  =1.33’ 

y  =4.00’ 

V  =6.67’ 

X = 1 20 ’ 

0.80 

0.  55 

5.  18 

5.25 

5.52 

D=0. 692' 

0.20 

0.  14 

3.42 

3.42 

3.83 

X= 1 30 ’ 

0.  80 

0.54 

5.35 

5.32 

5.83 

0=0.680’ 

0,20 

0.  14 

3.  38 

3.52 

3.62 

X=140’ 

0.80 

0.54 

4.98 

5. 29 

5.22 

D=0. 678’ 

0.20 

0.  14 

3.25 

3.59 

3 . 25 

Run  #  34 

• 

S=0. 01088 

Rock  size 

1  in. 

0=25  cfs 

Temp.  68  F 

Thickness 

2  in. 

Fraction 

Depth  Velocity 

Velocity 

Velocity 

of  Depth 

Z  ft/sec 

ft /sec 

ft/sec 

ift)  Y  =1.33’ 

Y  =4.00’ 

Y  =6.67’ 

X  =  1 20 ’ 

0.  80 

0.56  5.25 

5.25 

5.64 

D=0. 703’ 

0.20 

0.14  3.38 

3.72 

3.69 

X  =  1 30 ’ 

0.80 

0.56  5.49 

5.49 

5.93 

0=0.699’ 

0.20 

0.14  3.52 

3.65 

3.60 

X=140’ 

0.80 

0.57  5.29 

5.45 

5.22 

D=0.  707’ 

0.20 

0.14  3.38 

3.35 

3.59 

CORPS  OF  ENGINEERS 

RIPRAP 

PROJECT 

Run  *  35 
Q=25  cfs 

S=0. 01 186 
Temp.  68 

F 

Rock  size  1  in. 
Thickness  2  in. 

Fraction 
of  depth 

Depth 

Z 

(ft) 

Velocity 
ft/ sec 

Y  =1.33’ 

Velocity  Velocity 
ft/sec  ft/sec 

Y  =4.00’  Y  =6.67’ 

X=120’ 

0.80 

0.53 

5.42 

5.59 

6.03 

D-0.665’ 

0.20 

0.  13 

3. 18 

3.38 

3.96 

X=130’ 

0.80 

0.54 

5.59 

5.76 

6.  02 

D-0.679’ 

0.20 

0.  14 

3.79 

3.69 

4.06 

X-140' 

0.80 

0.54 

5.35 

5.73 

5.86 

0=0.673’ 

0.20 

0.  13 

3.  11 

4.03 

4.33 

Run  #  36  S=0. 01337  Rock  size  1  in. 

G=25  cfs  Temp.  68  F  Thickness  2  in. 


SSS3SSS3S 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

:SSB3SSB33B833SS33S 

Velocity  Velocity 
ft/sec  ft/sec 

Y  *1.33’  Y  =4.00’ 

Velocity 

ft/sec 

Y  =6.67’ 

X=120’ 

0.80 

0.50 

5.56 

5.62 

6.  03 

D=0. 630’ 

0.20 

0.  13 

3.59 

3.76 

3.96 

X=130’ 

0.80 

0.49 

6.  13 

6.  13 

6.44 

D=0. 610’ 

0.20 

0.  12 

4.  17 

4.47 

4.33 

X=140’ 

0.80 

0.  49 

5.59 

6.  10 

5.59 

0=0.614’ 

0.20 

0.  12 

3.72 

4.  10 

3.79 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #37 

S=0. 01204 

Rock  size  1  in. 

0=25  cf  s 

T  emp .  68 

F 

Thickness  2  in. 

Fraction 

Depth 

Velocity 

Velocity  Velocity 

of  Depth 

Z 

ft /sec 

ft/sec  ft/sec 

(ft) 

5)Y=1 . 33^ 

3Y=4.00’  5)Y=6. 67’ 

X=  1 20’’ 

0.90 

0.59 

5.52 

5.76  6. 03 

D=0 . 657 ' 

0.70 

0.  46 

5.  18 

5« 46  5. 57 

0.  50 

0.  33 

4.61 

4.84  4.98 

0.30 

0.20 

3.76 

4.20  4.37 

0.  15 

0.  10 

3.  11 

3  •  o>5  o  m  83 

X=130’ 

0.  90 

0.58 

5.56 

5.90  5.93 

0=0.645’ 

0.  70 

0.45 

5.  15 

5.51  5.52 

0.  50 

0.  32 

4.57 

4.91  5.05 

0.  30 

0.  19 

3.89 

4.20  4.27 

0.22 

0.  14 

3.49 

3.79  3.89 

X=140’ 

0.  90 

0.59 

5  *  86 

5.96  5.82 

0=0.650’ 

0.70 

0.46 

5.25 

5.21  5.15 

0.50 

0.33 

4.91 

5.22  4.88 

0.30 

0.20 

4  •  j3 

4.44  4.23 

0.20 

0.  13 

3.76 

3.79  3.66 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  38 

3*0.00402 

Rock  size 

1  in. 

Q=75  cf s 

Temp  63  F 

Thickness 

2  in. 

Fraction 

Depth 

Velocity 

Vel oci ty 

Vel oci ty 

of  Depth 

2 

ft/sec 

ft /sec 

f t/sec 

(ft)' 

Y  *1.33’ 

Y  =4.00’ 

Y  =6.67’ 

X=120’ 

0.  80 

1.47 

5.56 

6.07 

5.56 

0*1.841’ 

0.20 

0.37 

4.30 

4.27 

4.27 

X=130’ 

0.80 

1.45 

5.59 

6.  17 

5.79 

D=1.815’ 

0.  20 

0.36 

4.  10 

4.30 

4.23 

X  =  1 40  * 

0. 80 

1.47 

5.59 

6.  10 

5.73 

0*1.840’ 

0.  20 

0  • 

4.10 

4.27 

4 . 30 

Run  *  39 

S=0. 00377 

Rock  size 

1  in. 

Q=75  cfs 

Temp.  69 

F  Thickness 

2  in. 

Fraction 

Depth 

Velocity 

Velocity 

Velocity 

of  Depth 

Z 

f t/sec 

ft/sec 

f t/sec 

(ft) 

Y  =1.33’ 

Y  =4.00’ 

Y  =6.67’ 

X=120’ 

0.80 

1.46 

5.50 

6.24 

5.66 

D=1 .819’ 

0.20 

0.36 

4.  13 

4.54 

4.  13 

X=130’ 

0.80 

1.45 

5.59 

5.97 

5  a 

D=1 .815’ 

0.20 

0.36 

4.27 

4.20 

4.98 

X*140’ 

0.80 

1.48 

5.59 

6.07 

5.63 

D*1 . 856' 

0.20 

0.37 

4.  13 

4.34 

5.01 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  40 

S=0. 00330 

Rock  size 

1  in. 

Q=75  cfs 

Temp  72  F 

Thickness 

2  in. 

Fraction 

Depth 

Velocity  Velocity  Velocity 

of  Depth 

Z 

ft/sec  ft/sec 

ft /sec 

(ft) 

<DY*1 . 33'  o)V*4. 00'  5>Y=6.67’ 

X=120' 

0.90 

1.72 

5.25  6.17 

5.25 

D=1 . 907' 

0.70 

1.33 

5.42  5.76 

5.46 

O.SO 

0.95 

5.22  5.15 

5.  15 

0.30 

0.57 

4.57  4.50 

4.47 

0.  10 

0.  19 

3.49  3.49 

3.38 

X»130' 

0.90 

1.72 

5.35  6.10 

5.29 

D= 1.906' 

0.70 

1.33 

5.52  5.76 

5.39 

0.50 

0.95 

5.22  5.25 

5.01 

0.30 

0.57 

4.61  4.74 

4.37 

0.  10 

0.  19 

3.59  3.66 

3.  15 

X»140’ 

0.90 

1.75 

5.21  6.07 

5.  18 

D-1.942' 

0.70 

1.36 

5.52  5.62 

5.32 

0.50 

0.97 

5.05  5.29 

4.95 

0.30 

0.58 

4.61  4.78 

4.54 

0.  10 

0.  19 

3.11  3.55 

3.45 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  41 

S=0. 00475 

i 

Rock  size 

1  in. 

Q=50  cf  s 

T emp .  62 

F 

Thickness 

2  in. 

Fraction 

Depth 

Velocity 

Velocity 

Velocity 

of  Depth 

Z 

ft/sec 

ft /sec 

ft/sec 

(ft) 

ii)Y=l .  33’ 

3>Y=4. 00’ 

3Y=6.67’ 

X= 1 20' 

0.90 

1.23 

5.62 

5.49 

5.49 

0=1.364’ 

0.70 

0.95 

5.  56 

5.  18 

5.  56 

0.  50 

0.  68 

5.  15 

4.67 

5.  19 

0.30 

0.41 

4.50 

3.96 

4.57 

0.  10 

0.  14 

3.38 

2.87 

3.35 

X=130’ 

0.90 

1.20 

5.66 

5.56 

5.46 

0=1.338’ 

0.  70 

0.94 

5.66 

5.25 

5.56 

0.50 

0.67 

5.  18 

4.74 

5.  18 

0.30 

0.40 

4.74 

3.93 

4.50 

0.  10 

0.  13 

3.21 

3.11 

3.04 

X=140’ 

0.90 

1.22 

5.62 

5.29 

5.49 

D= 1.356’ 

0.70 

0.95 

5.  66 

5.32 

5.56 

0.50 

0.68 

5.  18 

4.84 

5.35 

0.30 

0.41 

4.44 

4.  17 

4.57 

0.  10 

0.  14 

3.11 

2.67 

3.28 

CORPS  OF 

ENGINEERS 

RIPRAP 

PROJECT 

Run  #  42 

S=0. 00314 

Rock  size 

1  in. 

Q=100  cfs 

Temp  68  F 

Thickness 

2  in. 

Fraction 

Depth 

Velocity 

Velocity 

Vel oci ty 

of  Depth 

Z 

ft /sec 

ft/sec 

ft /sec 

(ft) 

Y  =1.33' 

Y  =4.00’ 

Y  =6.67' 

X=120’ 

0.  80 

1.94 

5.59 

5.52 

6.02 

0=2.424' 

0.20 

0.48 

4.  30 

3.76 

4.57 

X=130' 

0.  80 

1.85 

5.76 

5.32 

6.  00 

D=2. 308’ 

0.20 

0.46 

4.61 

3.96 

4.84 

X=140’ 

0.  80 

1.90 

5.59 

5.52 

6.03 

D=2. 300' 

0.20 

0.48 

4.  17 

3.96 

4.71 

Run  #  43 
Q=100  cfs 

S=0. 00403 

Temp.  66  F 

Rock  size 
Thickness 

1  in. 

2  in. 

Fraction 
of  Depth 

Depth 

z 

(ft) 

Velocity 
ft /sec 

Y  =1.33’ 

Velocity 
ft /sec 

Y  =4.00’ 

Velocity 
ft /sec 

Y  =6.67’ 

X=120' 

0=2.448’ 

0.  80 
0.20 

1.96 

0.49 

5.  18 
4.27 

5.62 
4.  00 

5 . 66 
4.23 

X=130’ 

D=2*.  355 ’ 

0.80 

0.20 

1.88 

0.47 

5.52 
4.  13 

5.90 

4.03 

5.97 

4.47 

X=140’ 

0=2.441' 

0.80 

0.20 

1.95 

0.49 

5.29 

4.30 

5.79 

3.85 

5.59 

4.44 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  44 
Q=100  cfs 

S=0. 00436 
Temp.  63 

1 

F 

Rock  size 
Thickness 

1  in. 

2  in. 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 

f  t/S«iC 

Y= 1 . 33’ 

Velocity 
f t/sec 
Y=4.00’ 

Vei oci ty 
ft /sec 
Y=6. 67’ 

X= 1 20 ’ 

0.  80 

1.76 

5.86 

6.30 

6.27 

D=2. 194’ 

0.20 

0.44 

4.23 

4.27 

4.54 

X=130’ 

0.80 

1.78 

5.76 

6.  10 

6o  13 

0=2.223’ 

0.20 

0.44 

4.03 

3.89 

4.27 

X=140’ 

0.  80 

1.77 

5.90 

6.37 

6.07 

D=2. 213’ 

0.  20 

J.  44 

4.54 

4.37 

4.64 

Run  #  45 

3=0.00354 

Rock  size 

1  in. 

Q= 1 00  cfs 

Temp  72  F 

Thickness 

2  in. 

Fraction 

Depth 

Velocity 

Velocity 

Velocity 

of  Depth 

Z 

ft/sec 

f t/sec 

f t/sec 

(ft) 

8Y-1.33’ 

5>Y=4.00’ 

3Y=6.67’ 

X=120’ 

0.90 

2.  10 

5.69 

5.73 

6.  00 

D=2 . 337 ’ 

0.70 

1.64 

5.62 

5.33 

6.07 

0.50 

1.17 

5.52 

4.91 

6.  00 

0.30 

0.70 

4.88 

4.52 

5.  12 

0.  to 

0.23 

3.  66 

3.38 

3.92 

X=130’ 

0.90 

2.04 

5.52 

6.24 

6.37 

D-2.272’ 

0.70 

1.59 

5.76 

5.59 

6.20 

0.50 

1.14 

5.52 

5.05 

6.  00 

0.30 

0.68 

4.71 

4.47 

5.  12 

0.  10 

0.23 

3.66 

3.52 

4.00 

X-140’ 

0.90 

2.  15 

5.29 

5.56 

5.73 

D=2. 387’ 

0.70 

1.67 

5.52 

5.35 

5.96 

0.50 

1.  19 

5.46 

4.82 

5.83 

0.30 

0.72 

4.78 

4.40 

5.22 

0.  10 

0.24 

3.52 

3.66 

3.76 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  46 
Q=25  cfs 

S*0. 00886 
Temp.  66 

1 

F 

Rock  size 
Thickness 

1  in. 

3  in. 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 
ft /sec 
Y  =1.33' 

Velocity 
ft /sec 

Y  =4.00’ 

Velocity 
ft /sec 

Y  =6.67' 

Xs*  120’ 

0.80 

0.57 

5.46 

5.25 

5.  46 

D-0.712’ 

0.20 

0.  14 

3.32 

3.42 

3.52 

X-130’ 

0.80 

0.56 

5.35 

5.29 

5.35 

D=0. 702’ 

0.20 

0.  14 

3.62 

3.52 

3.89 

X-140’ 

0.80 

0.60 

5.35 

5.22 

5.29 

D=0. 746' 

0.20 

0.  15 

3.55 

O  e  55 

3.52 

Run  #  47 

S=0. 01011 

Rock  size 

1  in. 

Q=25  cfs 

Temp  69  F 

Thickness 

3  in. 

Fraction 

Depth 

Velocity 

Velocity 

Velocity 

of  Depth 

Z 

ft/sec 

ft /sec 

ft /sec 

(ft) 

Y  =1.33’ 

Y  =4.00’ 

Y  =6.67’ 

X=120’ 

0.80 

0.55 

5.69 

5.49 

5.83 

D=0. 682’ 

0.20 

0.  14 

3  •  o5 

3.49 

3.45 

X=130' 

0.80 

0.53 

5.46 

5.59 

5.42 

D=0. 664’ 

0.20 

0.  13 

3.79 

3.76 

3.72 

X=140’ 

0.80 

0.58 

5.56 

5.56 

5.39 

D=0. 719' 

0.20 

0.  14 

3.59 

3.45 

3.72 

Run  #  48  S=0. 01313  Rock  size  1  in. 

Q=25  cfs  Temp  68  F  Thickness  3  in. 


Fraction 

Depth  Velocity  Velocity  Velocity 

of  Depth 

Z 

ft/sec 

ft/sec 

f t/sec 

(ft) 

Y  =1.33’ 

Y  =4.00' 

Y  =6.67’ 

X=120* 

0.80 

0.50 

6.27 

6.04 

6.  14 

D-0.622’ 

0.20 

0.  12 

3.80 

4.20 

4.20 

X-130’ 

0.80 

0.49 

5.87 

6.  13 

5.70 

D-0.618’ 

0.20 

0.  12 

3.72 

2.98 

3.69 

X-140’ 

0.80 

0.54 

5.97 

6.  14 

5.77 

D-0.679’ 

0.20 

0.  14 

4.  10 

4.27 

3.76 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  49 

S»0. 00526 

Rock  size 

1  in. 

Q*50  cfs 

Temp  70  F 

Thickness 

3  in. 

Fraction 

Depth 

Velocity 

Velocity 

Velocity 

ot  Depth 

Z 

ft/sec 

ft/sec 

■ft/sec 

<ft> 

Y  *  1 . 33  * 

Y  *4.00’ 

Y-6.67’ 

X*120’ 

0.80 

1.02 

6.11 

5.59 

6.  00 

0*1.281’ 

0.20 

0.26 

4.49 

3.76 

4.27 

X* 1 30’ 

0.80 

1.00 

6.00 

5.63 

6.04 

D* 1 . 253’ 

0.20 

0.25 

4.58 

4.03 

4.20 

X*140’ 

0.80 

1.02 

5.90 

5.56 

6.00 

D*1 .  270 

0.  20 

0.  25 

4.24 

3.86 

4.  14 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  50 
Q=50  cf  s 

S*0. 00636 
Temp  68  F 

Rock  size 
Thickness 

1  in. 

3  i  n. 

Fraction 
of  Depth 

Depth- 

Z 

(ft) 

Velocity 
f t/sec 
Y  *1.33’ 

Velocity  Velocity 
ft/sec  ft/sec 

Y  *4.00’  Y  *6.67’ 

X=120’ 

0.90 

1.06 

6.  30 

D*l. 178’ 

0.80 

0.94 

6.24 

6.20 

0.  70 

0.82 

5.93 

0.50 

0.59 

5.39 

0.  40 

0.47 

4.98 

0.30 

0.35 

4.47 

0.20 

0.24 

4.03 

4.00 

0.11 

0.  13 

3. 38 

X=130’ 

0.80 

0.92 

6. 37 

6.07 

6.27 

D*l. 146’ 

.  0.20 

0.  23 

4.37 

4.00 

4.23 

X*140’ 

0.80 

0.95 

6.  17 

5.90 

6.30 

D=1 . 184* 

0.20 

0.24 

4.44 

4.  13 

4.  10 

The  Fol owing  Velocity  Data 

Collected 

Using  a 

Pitot  Tu 

Fraction 
of  Depth 

Velocity 
ft/sec 
X=120’ 
D=l. 178’ 

Velocity 
ft/ sec 

X  =  1 30 ’ 
D= 1 . 146’ 

Vel oci ty 
ft /sec 
X=140’ 
D*l. 184’ 

Y=4.0’  0.90 

6.47 

6.71 

6.42 

0.70 

6.34 

6  •  «->0 

6.04 

0.50 

5.67 

5.90 

5.57 

0.40 

5.38 

5.  53 

5.43 

0.30 

5.02 

BT 

Z)  .  JO 

4.80 

0.20 

4.69 

4.51 

4.45 

0.  15 

4.33 

4.27 

4.33 

0.  10 

3.95 

4.01 

3.66 

0.05 

3.66 

3.51 

3.02 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  *  51 

S=0. 00726 

Rock  size 

1  in. 

Q=50  cfs 

Temp  68  F 

Thickness 

3  in. 

Elevation 

Fraction 

Depth 

Velocity  Velocity 

Velocity 

(ft) 

of  Depth 

Z 

ft/sec 

ft/sec 

f t/sec 

- 

(ft-) 

Y  =1.33' 

Y  =4.00’ 

Y  =6.67’ 

X=120’ 

71.637 

0.90 

0.93 

6.80 

0=1.113' 

71.458 

0.70 

0.75 

6.30 

71.244 

0.50 

0.54 

5.90 

71.137 

0.40 

0.43 

5.60 

71.030 

0.  30 

0.32 

5.20 

70.922 

0.20 

0.21 

4.90 

70.869 

0.  15 

0.  16 

4.60 

70.815 

0.  10 

0.11 

4.  10 

70.762 

0.05 

0.05 

3.  10 

* 

0.80 

0.89 

6.58 

6.23 

6.34 

* 

0.20 

0.22 

4.21 

•  88 

4 . 33" 

X=130’ 

71.67 

0.90 

0.97 

6.50 

D= 1 . 083 ’ 

71.46 

0.70 

0.76 

6.00 

71.24 

0.50 

0.54 

5.60 

71.  13 

0.40 

0.43 

5.  10 

71.02 

0.30 

0.33 

4.80 

70.91 

0.20 

0.22 

4.  10 

70.86 

0.  15 

0.  16 

3.  60 

70.81 

0.  10 

0.11 

2.80 

70.75 

0.05 

0.05 

2.50 

* 

0.  80 

0.87 

6.55 

6.  71 

6.98 

* 

0.20 

0.22 

4.60 

4.51 

4.71 

X=140’ 

71.70 

0.90 

1 . 00 

6.50 

D=l. 109' 

71.48 

0.70 

0.78 

6.  10 

71.26 

0.50 

0.  56 

5.  50 

71.15 

0.40 

0.  44 

5.  10 

71.03 

0.30 

0.33 

4.90 

70.92 

0.20 

0.22 

4.50 

70.87 

0.  15 

0.  17 

4.  10 

70.81 

0.  10 

0.11 

3.70 

70.76 

0.05 

0.06 

3.30 

* 

0.80 

0.89 

6.90 

6.59 

6.99 

* 

0.20 

0.22 

4.58 

4.73 

4.48 

*  Velocity  Data  Collected  Using  an  Ott  Meter 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  52 
Q=50  cts 

S=0. 00726 
Temp  63  F 

Rock  size 
Thickness 

1  in. 

3  in 

Fraction  Depth  Velocity 

o-f  Depth  Z  ft /sec 

(ft)  Y  *1.33’ 

Velocity 
ft /sec 

Y  =4.00’ 

Velocity 

ft/sec 

Y  =6.67’ 

X= 1 20’ 

0.  SO 

0.89 

6.51 

6.25 

6.  77 

D=l. 118’ 

0.20 

0.22 

4.36 

5.  36 

4.  47 

X= 130’ 

0.80 

0.87 

6.56 

6.40 

6.  75 

0=1.085’ 

0.20 

0.22 

4.29 

4.33 

4.89 

X=140’ 

0.80 

0.S7 

6.73 

6.  50 

6.73 

D= 1.084’ 

0.20 

0.22 

4.81 

4.01 

4.65 

CORPS  OF  ENGINEERS 

RIPRAP 

PROJECT 

Run  #  54 
Q=50  cfs 

S=0. 00732 
Temp  63  F 

Rock  size 
Thickness 

1  in. 

3  in. 

Elevation 

Fraction 

Depth  Velocity 

Velocity  Velocity 

(ft) 

of  Depth 

Z 

(ft)  Y 

ft /sec 
=1.33’ 

ft /sec 

Y  =4.00’  Y 

ft /sec 
=6.67’ 

X=120’ 

71.71 

0.90 

1 . 00 

6.  75 

6  *  6-j 

6.  83 

D=1 . Ill’ 

71.49 

0.70 

0.78 

6.34 

6.22 

6.55 

71.27 

0.50 

0.56 

5.63 

5.48 

6.13 

71.16 

0.40 

0.44 

5.28 

4.97 

5.67 

71.05 

0.30 

0.33 

4.63 

4.63 

5.  13 

70.93 

0.20 

0.22 

4.21 

4.  33 

4.80 

70.88 

0.  15 

0.  17 

3.88 

4.08 

4.63 

70.82 

0.  10 

0.  11 

3.51 

3.74 

4.33 

70.  77 

0.05 

0.  05 

3.  19 

2.54 

3.59 

Test  stop  d  due  to  power  -failure 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  *  55 
Q*50  cfs 

S*0. 00732 
Temp  65  F 

Rock  size 
Thickness 

1  in. 

3  in . 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 
ft /sec 

Y  *1.33’ 

Velocity 
ft /sec 

Y  *4.00’ 

Veloci ty 
ft/sec 

Y  *6.67’ 

X  * 1 20 5 

71.75 

0.  90 

1.04 

6.39 

6.47 

6.67 

D*l. 151' 

71.52 

0.70 

0.81 

6.04 

5.95 

6.39 

71.29 

0.50 

0.  58 

5.48 

5.  38 

5.58 

71.17 

0.40 

0.46 

5.  18 

5.02 

5*  'j3 

71.06 

0.  30 

0.34 

4.86 

4.46 

4.91 

70.94 

0.20 

0.23 

4.01 

4.01 

4.  14 

70.89 

0.  15 

0.  17 

3.74 

3.51 

3.74 

70.83 

0.  10 

0.  11 

3.28 

2.93 

3.28 

70.77 

0.  05 

0.  06 

2.54 

1.94 

2.07 

70.66 

1.27 

70.69 

1.79 

70.67 

1.27 

X=130’ 

71.67 

0.90 

0.97 

6.55 

6.75 

6.59 

D» 1.078’ 

71.46 

0.70 

0.75 

6.30 

6.22 

6.43 

71.24 

0.50 

0.54 

5.77 

5.67 

5.72 

71.13 

0.40 

0.43 

5.43 

5.  18 

5.  38 

71.03 

0.30 

0.32 

5.08 

4.63 

5.  13 

70.92 

0.20 

0.22 

4.52 

4.01 

4.52 

70.  86 

0.  15 

0.  16 

4.08 

3.66 

4.21 

70.81 

0.  10 

0.11 

3.81 

2.93 

3.95 

70.  76 

0.05 

0.05 

2.64 

2.74 

3.44 

70.66 

1.26 

70.74 

2.54 

70.62 

1.79 

X*140’ 

71.73 

0.90 

1.03 

6.39 

6.  55 

6.51 

D*l. 147’ 

71.50 

0.70 

0.  80 

6.  13 

6.  00 

6.39 

71.27 

0.50 

0.57 

5.67 

5.38 

5.91 

71.  16 

0.40 

0.46 

5.  18 

5.26 

5.43 

71.04 

0.30 

0.34 

4.52 

5.72 

4.91 

70.93 

0.20 

0.23 

4.21 

4.08 

4.27 

70.87 

0.  15 

0.  17 

3.81 

3.88 

3.81 

70.81 

0.  10 

0.11 

3.28 

3.59 

3.  19 

70.76 

0.05 

0.  06 

2.84 

2.84 

2.07 

70.70 

2.32 

70.68 

2.64 

2.07 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  56 
Q=50  cfs 

S=0. 00647 
Temp  67  F 

Rock  size  1 
Thickness  3 

i  n . 
in. 

Elevation  Fraction 
(ft)  of  Dapth 

Depth 

Z 

(ft) 

Velocity  Velocity  Velocity 
ft/sec  ft/sec  ft/sec 

3Y  =1.33’3Y  =4 .  00 *  5>Y  =6.67’ 

X=120’ 

71.86 

0.90 

1.11 

6.47 

6.04 

6.  28 

D=1 . 236’ 

71.61 

0.70 

0.87 

6.28 

5.  51 

6.24 

71.36 

0.  50 

0.62 

5.74 

5.21 

5.60 

71.24 

0.40 

0.49 

5.43 

4.72 

5.42 

71.12 

0.  30 

0.37 

4.97 

4.36 

5.  05 

70.99 

0.20 

0.25 

4.40 

3.98 

4.40 

70.93 

0.  15 

0.  19 

4.08 

3.23 

4.11 

70.87 

0.  10 

0.  12 

3.40 

3.02 

3.36 

70.81 

0.05 

0.06 

2.26 

2.79 

1.79 

70.72 

1.04 

70.72 

0.90 

70.  73 

0.  10 

X=130’ 

71.82 

0.90 

1.08 

5.97 

6.39 

6.  17 

D-1.206’ 

71.58 

0.70 

0.84 

5.86 

5.91 

6.09 

71.34 

0.50 

0.60 

5.58 

5.  15 

5.77 

71.22 

0.40 

0.48 

5.26 

4.86 

5.53 

71.10 

0.30 

0.36 

5.  10 

4.60 

5.20 

70.98 

0.20 

0.24 

4.72 

4  •  36 

4.78 

70.92 

0.  15 

0.  18 

4.40 

3.67 

4.36 

70.86 

0.  10 

0.  12 

4.08 

3.  36 

4.  11 

70.80 

0.05 

0.06 

3.51 

2.98 

3.32 

70.73 

2.32 

70.67 

2.00 

70.66 

0 . 00 

X*140’ 

71.86 

0.90 

1.  12 

6.00 

5.91 

5.86 

D=  1 . 247 ’ 

71.61 

0.70 

0.87 

5.84 

5.65 

5.86 

71.36 

0.50 

0.62 

5.53 

5.23 

5.60 

71.23 

0.40 

0.  50 

5.08 

4.78 

5.28 

71.11 

0.30 

0.37 

4.80 

4.52 

4.75 

70.98 

0.20 

0.25 

4.27 

3.98 

4.43 

70.92 

0.  15 

0.  19 

4.01 

3.40 

70.86 

0.  10 

0.  12 

3.59 

3.  15 

70.80 

0.05 

0.  06 

3.  1 1 

r*  qt 

^  a  7^) 

70.73 

2.64 

70.75 


2.48 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  57 
Q=25  cfs 

S=0. 01475 
Temp  64  F 

Rock  size  1  in. 
Thickness  3  in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 
ft/sec 
3Y  =1.33' 

Velocity  Velocity 
ft/sec  ft/sec 

3Y  =4.00’5>Y  =6.67' 

X= 1 20’ 

71.29 

0.90 

0.56 

6.20 

6.00  6.00 

D*0.618’ 

71.17 

0.70 

0.  43 

5.80 

5.20  5.30 

71.04 

0.50 

0.31 

5.  10 

4.80  4.60 

70.98 

0.40 

0.25 

4.50 

4.30  4.10 

70.92 

0.30 

0.  19 

4.  10 

4.10  3.60 

70.86 

0.20 

0.  12 

3.90 

3.30  3.40 

70.83 

0.  15 

0.09 

3.50 

2.80  2.90 

70.80 

0.  10 

0.  06 

3.30 

2.40  2.70 

70.77 

0.05 

0.03 

3.00 

2.20 

70.65 

1.60 

70.74 

1.60 

70.75 

1.90 

X=130’ 

71.28 

0.90 

0.56 

6.  10 

6.20  6.30 

0=0.625' 

71.16 

0.70 

0.44 

5.80 

5.90  6.00 

71.03 

0.50 

0.31 

5.40 

5 . 50  5 . 30 

70.97 

0.40 

0.25 

5.00 

5.20  4.90 

70.91 

0.30 

0.  19 

4.80 

4.70  4.50 

70.84 

0.20 

0.  13 

4.40 

4.20  3.80 

70.81 

0.  15 

0.09 

3.80 

3.80  3.10 

70.78 

0.  10 

0.06 

3.60 

3.50  2.60 

70.75 

0.05 

0.03 

3.40 

3.10  2.20 

70.67 

2.60 

70.66 

2.90 

70.72 

2.00 

X=140' 

71.28 

0.90 

0.57 

6.08 

6.26  6.13 

D=0. 632’ 

71.16 

0.70 

0.44 

6.11 

5.90  5.65 

71.03 

0.50 

0.32 

5.70 

5.40  5.12 

70.97 

0.40 

0.25 

5  •  53 

4.70  4.60 

70.91 

0.30 

0.  19 

5.02 

4.30  4.30 

70.84 

0.20 

0.  13 

4.27 

3.60  3.77 

70.81 

0.  15 

0.09 

3.88 

3.10  3.36 

70.78 

0.  10 

0.06 

3.  15 

2.70  2.88 

70.75 

0.05 

0.03 

3.11 

2.30 

70.69 

2.43 

70.74 

2.43 

70.69 

0.89 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  58  S=0. 01626 

Q-25  cfs  Temp  67  F 

Rock  size  1  in. 
Thickness  3  in. 

Elevation  Fraction 
(■ft)  o-f  Depth 

Depth  Velocity  Velocity  Velocity 

Z  ft/sec  ft/sec  ft/sec 

(ft)  V  *1.33’  Y  -4.00’  Y  =6.67’ 

X=120’ 

71.26 

0.90 

0.52 

6.30 

6.63 

7.  10 

D=0.581 ‘ 

71.14 

0.70 

0.  41 

6.04 

6.  17 

6.41 

71.03 

0.50 

0.29 

5.48 

5.63 

5.95 

70.97 

0.  40 

0.23 

5.28 

5.28 

5.28 

70.91 

0.  30 

0.  17 

4.80 

5.02 

4.80 

70.85 

0.20 

0.  12 

4.33 

4.57 

4.21 

70.82 

0.  15 

0.09 

4.21 

4.  30 

3.88 

70.  79 

0.  10 

0.06 

3.88 

3.95 

3.59 

70.76 

0.05 

0.03 

3,  66 

3.  19 

2.74 

70.  74 

3.  11 

70.68 

0.00 

1.55 

X=130’ 

71.16 

0.90 

0.50 

6.85 

7.00 

7.00 

D=0. 554* 

71.05 

0.70 

0.39 

6.50 

6.80 

6.60 

70.94 

0.50 

0.28 

5.90 

6.00 

6.20 

70.89 

0.40 

0.22 

5.70 

5.70 

6.00 

70.83 

0.30 

0.  17 

5.00 

5.30 

5.50 

70.78 

0.20 

0.11 

4.  10 

4.70 

5.30 

70.  75 

0.  15 

0.08 

3  m  SO 

4.40 

5.00 

70.72 

0.  10 

0.06 

3.20 

3.90 

4.90 

70.69 

0.05 

0.03 

2.50 

3.55 

4 . 50 

70.  66 

2.60 

70.66 


70.58 


2.88 


80 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  59 
Q=75  cfs 

S=0. 00423 
Temp  68  F 

Rock  size 
Thickness 

1  in. 

3  in. 

Elevation  Fraction 
(■ft)  of  Depth 

Depth 

Z 

(ft) 

Vel oci ty 
ft /sec 

V  =1.33’ 

Velocity  Vel  oci  t' 
ft/sec  ft/sec 

Y  =4.00*  Y  =6.67 

;=120’ 

72.45 

0.90 

1.73 

6.51 

1=1.919’ 

72.26 

0.80 

1.54 

6.04 

6.0! 

72.07 

0.70 

1.34 

6.  19 

71.68 

0.  50 

0.96 

5.  53 

71.49 

0.  40 

0.77 

5.33 

71.30 

0.  30 

0.58 

4.94 

71.11 

0.20 

0.38 

4.46 

4.52 

4.9 

71.01 

0.  15 

0.29 

4.  14 

70.91 

0.  10 

0.  19 

3.44 

70.82 

0.  05 

0.  10 

2.93 

70.65 

1.64 

=  130’ 

72.42 

0.90 

1.71 

6.30 

>=1.900’ 

7-2.23 

0.80 

1.52 

6.26 

6.2: 

72.04 

0.70 

1.33 

6.22 

71.66 

O'.  50 

0.95 

5.48 

71.47 

0.40 

0.76 

5.  33 

71.28 

0.30 

0.57 

4.97 

71.09 

0.20 

0.38 

4.40 

4.52 

4.9 

71.00 

0.  15 

0.29 

4.  40 

70.90 

0.  10 

0.  19 

4.21 

70.81 

70.63 


X=140’ 

72.42 

0.90 

1.71 

6.26 

D= 1.902’ 

72.23 

0.  80 

1.52 

6.  04 

6.00 

72.04 

0.70 

1.33 

6.22 

71.66 

0.  50 

0.95 

6.  00 

71.47 

0.40 

0.76 

5.43 

71.28 

0.  30 

0.57 

5.02 

71.09 

0.  20 

0.38 

4.57 

4.57 

4.63 

70.99 

0.  15 

0.28 

4.21 

70.90 

0.  10 

0.  19 

3.81 

70.80 

0.05 

0.09 

2.93 

70.76 

2.74 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  60 
0=75  cfs 

S*0. 00517 
Temp  72  F 

Rock  size  1 
Thickness  3 

in. 

in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity  Velocity  Velocity 
ft/sec  ft/sec  ft/sec 

3Y  =1 . 33’  S)Y  =4. 00’  5>Y  =6.67’ 

X*l20’ 

72.38 

0.90 

1.66 

6.44 

0*1.847’ 

72.20 

0.80 

1.48 

6.59 

6.  63 

72.02 

0.70 

1.29 

6.08 

71.65 

0.  50 

0.92 

5.53 

71.46 

0.40 

0.74 

4.85 

71.28 

0.30 

0.55 

4.74 

71.09 

0.20 

0.37 

4.91  4.07 

5.02 

71.00 

0.  15 

0.28 

3.84 

70.91 

0.  10 

0.  19 

3.66 

70.81 

0.05 

0.09 

3.02 

70.78 

2.42 

X=130’ 

72.-34 

0.90 

1.63 

6.59  6.34 

6.59 

D*1 .812’ 

71.98 

0.70 

1.27 

6.34  6.04 

6.44 

71.62 

0.50 

0.91 

5.99  5.57 

6.04 

71.44 

0.40 

0.72 

5.76  5.12 

5.76 

71.26 

0.30 

0.54 

5.43  4.74 

5.53 

71.07 

0.20 

0.36 

4.96  4.33 

4.91 

70.98 

0.  15 

0.27 

4.63  4.01 

4.80 

70.89 

0.  10 

0.  18 

4.20  3.80 

4.27 

70.80 

0.05 

0.09 

3.43  3.19 

3.51 

70.71 

1.15 

70.73 

2.31 

70.73 

2.31 

X=140’ 

72.31 

0.90 

1.60 

6.59 

D-l . 782’ 

72.14 

0.80 

1.43 

6.51 

6.55 

71.96 

0.70 

1.25 

6.21 

71.60 

0.50 

0.89 

5.72 

71.42 

0.40 

0.71 

5  •  o3 

71.24 

0.30 

0.53 

4.91 

71.07 

0.20 

0.36 

5.07  4.39 

5.  12 

70.98 

0.  15 

0.27 

3.84 

70.89 

0.  10 

0.  18 

3.51 

70.80 

0.05 

0.09 

2.53 

CORPS  OF 

ENGINEERS 

RIPRAP 

PROJECT 

Run  #61 

S=0. 00621 

Rock  size 

1  in. 

SSSSSSS3 

u=/s  CfS 

Temp  73  F 

Thickness 

3  l  n. 

Elevation 

Fraction 

Depth 

Velocity  Velocity 

Vel oci ty 

(ft) 

of  Depth 

Z 

ft/sec  ft/sec 

ft /sec 

<ftj 

Y  =1.33’  Y  =4.00’ 

Y  =6.67’ 

X  =  1 20’ 

72.25 

0.90 

1.51 

7.84 

0*1.676* 

72.08 

0.80 

1.34 

7.05 

7.  ">5 

71.91 

0.70 

1.17 

7.34 

71.58 

0.  50 

0.84 

6.  55 

71.41 

0.40 

0.67 

6.26 

71.24 

0.  30 

0.50 

5.74 

71.07 

0.20 

0.34 

4.72  5.02 

5.  26 

| 

70.  99 

0.  15 

0.25 

4.80 

70.91 

0.  10 

0.  17 

4.63 

70.82 

0.05 

0.  08 

3.84 

70.75 

2.01 

70.75 

3.  06 

70.76 

3.44 

X=130’ 

72.41 

0.90 

1.68 

6.  67 

D=1 . 870’ 

72.22 

0.80 

1.50 

5.95 

6.09 

72.04 

0.70 

1.31 

6.39 

71.66 

0.50 

0.94 

6.  13 

71.48 

0.40 

0.75 

71.29 

0.30 

0  •  56 

5.23 

71. 10 

0.20 

0.37 

4.75  4.75 

4.69 

71.01 

0.  15 

0.28 

3.95 

70.91 

0.  10 

0.  19 

3.88 

70.82 

0.05 

0.09 

3.51 

70.74 

1.27 

70.77 

1.79 

70.75 

1.27 

X=140’ 

72.  16 

0.90 

1.44 

7.  47 

D»l. 597* 

72.00 

0.80 

1.28 

6.87 

7.  72 

71.84 

0.70 

1.12 

7.  14 

71.52 

0.50 

0.80 

6.59 

71.36 

0.40 

0.64 

6.  17 

71.20 

0.30 

0.48 

6.  00 

71.04 

0.20 

0.32 

3.13  5.33 

5.58 

70.96 

0.  15 

0.24 

4.69 

70.88 

0.  10 

0.  16 

4.40 

70.80 

0.05 

0.  08 

3. 51 

70.74 

3.  19 

70.74 

2.07 

70.68 

1.64 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  62 

Q*100  cfs 

S=0. 00406 
Temp  75  F 

Rock  size 
Thickness 

1  in. 

3  in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity  Velocity 
ft/sec  ft/sec 

Y  =1.33’  Y  =4.00’ 

Velocity 
ft/sec ' 

Y  =6.67’ 

X-120’ 

72.95 

0.90 

2.21 

5.81 

D*2.457’ 

72.70 

0.80 

1.97 

5.81 

6.22 

72.46 

0.70 

1.72 

5.33 

71.47 

0.50 

0.73 

4.86 

71.72 

0.40 

0.98 

4.40 

71.47 

0.30 

0.74 

3.95 

71.23 

0.  20 

0.49 

3.74 

71.  11 

0.  15 

0.37 

4.57  3.66 

4.80 

70.98 

0.  10 

0.25 

3.  19 

70.86 

0.05 

0. 12 

2.84 

70.68 

1.27 

X=130’ 

72.99 

0.90 

2.27 

5.43  5.91 

5.91 

D=2. 519* 

72.4*9 

0.70 

1.76 

5.23  5.13 

5.91 

71.99 

0.50 

1.26 

5.48  4.86 

5.77 

71.74 

0.40 

1.01 

5.33  4.27 

5  •  53 

71.48 

0.30 

0.76 

5.02  4.14 

5.28 

71.23 

0.20 

0.50 

4.52  3.95 

4.52 

71.11 

0.  15 

0.38 

4.08  3.51 

4.  14 

70.98 

0.  10 

0.25 

3.88  3.28 

4.01 

70.85 

0.05 

0.  13 

3.19  2.64 

3.  11 

70.69 

1.27 

70.71 

1.27 

70.67 

1.64 

X  =  1 40  ’’ 

73.03 

0.90 

2.31 

5.48 

0=2.562’ 

72.77 

0.80 

2.05 

5.48 

5.72 

72.52 

0.70 

1.79 

5.02 

72.01 

0.50 

1.28 

5.02 

71.75 

0.40 

1.02 

4.46 

71.49 

0.30 

0.77 

4.01 

71.24 

0.20 

0.51 

4.52  3.74 

4.80 

71.11 

0.  15 

0.38 

3.59 

70.98 

0.  10 

0.26 

3.28 

70.85 

0.05 

0.  13 

2.64 

70.73 

1.47 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  63 

S=0. 00457 

Rock  size 

1  in. 

Q®  100  cfs 

Temp  67  F 

Thickness 

3  in. 

Elevation 

Fraction 

Depth  Velocity  Velocity 

Velocity 

(ft) 

of  Depth 

Z 

ft /sec  ft /sec 

ft/sec 

(ft)  Y 

=1.33*  Y  =4.00’ 

Y  =6.67* 

X=120* 

72.70 

0.90 

1.98 

6.75 

D-2.201* 

72.48 

0.80 

1.76 

5.95 

6.55 

72.26 

0.70 

1.54 

6.  13 

71.82 

0.50 

1.10 

5.53 

71.60 

0.40 

0.88 

5.  18 

71.38 

0.30 

0.66 

4.69 

71.16 

0.20 

0.44 

4.40  4.33 

4.91 

71.05 

0.  15 

0.33 

4.  14 

70.94 

0.  10 

0.22 

3.74 

70.83 

0.  05 

0.11 

3.  11 

70.68 

1.04 

70.65 

70.67 

1.  16 

2.64 

X=130* 

72.67 

0.90 

1.97 

6.08  7.05 

6.53 

D*2. 184* 

72.24 

0.70 

1.53 

6.37  6.59 

6.57 

71.80 

0.50 

1.09 

6.16  5.77 

6.  19 

71.58 

0.40 

0.87 

5.60  5.33 

5.77 

71.36 

0.30 

0.66 

5.31  4.94 

5.48 

71.14 

0.20 

0.44 

4.72  4.72 

5.  13 

71.04 

0.  15 

0. 33 

4.49  4.57 

4.  52 

70.93 

0.  10 

0.22 

3.95  4.11 

4.  14 

70.82 

0.05 

0.  11 

3.51  3.47 

■li)  •  «j5 

70.70 

2.20 

70.73 

70.68 

1.79 

2.48 

X=140* 

72.72 

0.90 

2.02 

6.47 

D=2. 244* 

72.50 

0.80 

1.80 

5.95 

6.22 

72.28 

0.70 

1.57 

6.  17 

71.83 

0.50 

1.12 

5. 63 

71.60 

0.40 

0.90 

5.28 

71.38 

0.30 

0.67 

4.86 

71.15 

0.20 

0.45 

4.57  4.40 

4.80 

71.04 

0. 15 

0.34 

4.08 

70.93 

0.  10 

0.22 

3.74 

70.82 

0.05 

0.  1 1 

3.20 

70.69 

2.43 

70.70 

70.70 

1.04 

0.73 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  64 
Q=100  cfs 

S=0. 00409 
Temp  65  F 

Rock  size 
Thickness 

1  in. 

3  in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 

ft/sec 

8Y»1.33’ 

Velocity 
ft/sec 
5>Y=4. 00’ 

Velocity 
f t/sec 
3Y=6.67’ 

X=120’ 

72.794 

0.90 

2.08 

5.91 

6.71 

6.79 

0=2.306’ 

72.333 

0.70 

1.61 

6. 17 

6.04 

6.75 

71.872 

0.50 

1.15 

6.04 

5.67 

6.43 

71.641 

0.40 

0.92 

5.63 

5.  18 

5.95 

71.411 

0.  30 

0.69 

5.  13 

4.80 

5.43 

71. 180 

0.20 

0.46 

4.52 

4.46 

4.91 

71.065 

0.  15 

0.35 

4.27 

4.08 

4.52 

70. 950 

0.  10 

0.23 

3.81 

3.  66 

4.  14 

70.834 

0.05 

0.  12 

3.11 

2.93 

3.51 

70.632 

1.04 

70.648 

1.04 

70.695 

2.20 

X=130' 

72.77 

0.90 

2.06 

5.67 

6.22 

6.  34 

0=2.292’ 

72.31 

0.70 

1.60 

5.95 

6.04 

6.61 

71.86 

0.50 

1.15 

5.91 

5  •  j3 

6.26 

71.63 

0.40 

0.92 

5.63 

5.02 

5.99 

71.34 

0.30 

0.63 

5.02 

4.80 

5.26 

71.17 

0.20 

0.46 

4.63 

4.33 

4.86 

71.05 

0.  15 

0.34 

4.40 

3.88 

4.33 

70.94 

0.  10 

0.23 

4.  14 

3.  66 

3.98 

70.82 

0.05 

0.  11 

3.  36 

3.02 

3.28 

70.72 

2.20 

70.72 

2.20 

70.71 

0 . 00 

X=140’ 

72.77 

6.00 

2.07 

5.67 

6.55 

6.47 

D=2. 297’ 

72.  31 

0.70 

1.61 

5.95 

5.97 

6.24 

71.86 

0.50 

1.  15 

5.60 

5.60 

6.04 

71.63 

0.40 

0.92 

5.51 

5.  15 

5.72 

71.40 

0.30 

0.69 

5.  15 

4.57 

5.46 

71.17 

0.20 

0.46 

4.75 

4.39 

4.80 

71.05 

0.  15 

0.34 

4.46 

3.81 

4.60 

70.94 

0.  10 

0.23 

4.05 

3.55 

3.98 

70.82 

0.05 

0.11 

3.51 

3.02 

3.39 

70.74 

2.07 

70.74 

2.  14 

70.64 

2.07 

CORPS  OF  ENQINEERS  RIPRAP  PROJECT 


Run  #  65 
<2=50  cfs 

S=0. 00998 
Temp  68  F 

Rock  size  2  in. 
Thickness  4  in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity  Velocity  Velocity 
ft /sec  ft /sec  ft /sec 

V  =1.33'  Y  =4.00'  Y  =6.67’ 

X*120' 

71.910 

0.90 

1.  16 

6.  13 

D=1 . 292’ 

71.782 

0.80 

1 . 03 

5.95  6.47 

71.652 

0.70 

0.91 

5.43 

71.394 

0.  50 

0.65 

4.80 

71.265 

0.  40 

0.52 

4.63 

71.136 

0.30 

0.39 

4.33 

71.006 

0.20 

0.26 

3.88  4.01  4.14 

70.942 

0.  15 

0.  19 

3.36 

70.877 

0.  10 

0.  13 

3.  11 

70.812 

0.  05 

2.93 

1.94  2.32 

70.747 

2.93 

X= 1 30 * 

71.81 

0.90 

1.05 

6.  65 

D=l. 170' 

71.70 

0.80 

0.94 

6.91  6.91 

71.58 

0.  70 

0.82 

6.26 

71.35 

0.50 

0.58 

5.67 

71.23 

0.40 

0.47 

5.53 

71.  11 

0.30 

0.35 

5.  13 

70.99 

0.20 

0.23 

4.80  4.46  4.33 

70.94 

0.  15 

0.  18 

4.  14 

70.88 

0.  10 

0.  12 

3.66 

70.82 

0.  05 

0.06 

3.44 

70.80 

3.02 

70.76 

2.20 

70.81 

2.32 

X=140' 

71.91 

0.90 

1.15 

6.43 

0=1.275' 

71.78 

0.80 

1.03 

6.43  6.34 

71.66 

0.70 

0.90 

5.81 

71.40 

0.50 

0.64 

5.  08 

71.27 

0.40 

0.52 

4 . 63 

71.15 

0.30 

0.39 

4.33 

71.02 

0.20 

0.26 

4.01  4.08  3.95 

70.95 

0.  15 

0.  20 

3.28 

70.89 

0.  10 

0.  13 

2.93 

70.83 

0.05 

0.07 

2.54 

70.77 

1.64 

70.76 

2.07 

70.77 


1.47 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Rock  size  2  in 
Thickness  4  in 


Run  #  66 
Q— 50  cfs 

S-0. 01378 

Temp  75  F 

Rock  size 
Thickness 

2  in. 

4  in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth  Velocity 

Z  ft/sec 

(ft)  Y  -1.33’ 

Velocity 
ft /sec 

Y  =4.00’ 

Velocity 

ft/sec 

Y  =6.67’ 

X=120’ 

71.56 

0.90 

0.91 

7.43 

D-l . 012* 

71.46 

0.80 

0.81  7.18 

7.  10 

71.36 

0.70 

0.71 

6.95 

71.15 

0.50 

0.51 

6.  17 

71.05 

0.40 

0.41 

5.67 

70.95 

0.30 

0.30 

5.28 

70.85 

0.20 

0.20  4.08 

4.86 

4.63 

70.  SO 

0.  15 

0.  15 

4.46 

70.75 

0.  10 

0.  10 

4.01 

70.70 

0. 05 

0.05 

3.66 

70.63 

2.20 

70.55 

2.07 

70.59 

2.74 

X-130’ 

71.56 

0.90 

0.90 

7.49 

ft 

O 

o 

• 

H 

II 

a 

71.46 

0.80 

0.80  7.42 

7.49 

71.36 

0.70 

0.70 

6.95 

71.16 

0.50 

0.50 

6.34 

71.06 

0.40 

0.40 

6.00 

70.96 

0.30 

0.30 

5.79 

70.86 

0.20 

0.20  5.05 

5.23 

5.36 

70.81 

0.  15 

0.  15 

5.00 

70.76 

0. 10 

0.  10 

4.  63 

70.71 

0.05 

0.05 

4.08 

70.65 

2.59 

70.61 

2.93 

70.66 

2.48 

X=140’ 

71.59 

0.90 

0.94 

7.22 

D-l. 046’ 

71.49 

0.80 

0.84  6.80 

7.29 

71.38 

0.70 

0.73 

6.51 

71.17 

0.50 

0.52 

6.09 

71.07 

0.40 

0.42 

5.48 

70.96 

0.30 

0.31 

5.  18 

70.86 

0.20 

0.21  4.57 

4.21 

4.  14 

70.81 

0.  15 

0.  16 

3.59 

70.76 

0.  10 

0.  10 

3.02 

70.70 

0.05 

0.05 

2.64 

70.58 

1.94 

70.56 

1.47 

70.58 

2.07 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  67 
Q=50  cfs 

3=0.01519 
Temp  72  F 

Rock  size  2  in. 
Thickness  4  in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

-(ft) 

Velocity  Velocity  Velocity 
ft/sec  ft/sec  ft/sec 

3Y  = 1 . 33 ’ ®Y  =4.  00’  3>Y  =6.67’ 

X=120’ 

71.53 

0.90 

0.88 

7.82 

0=0.980’ 

71.43 

0.  80 

0.78 

8.22  7.68 

71.33 

0.  70 

0.69 

7.36 

71. 14 

0.50 

0.49 

6.67 

71.04 

0.  40 

0.39 

6.34 

70.94 

0.30 

0.29 

5. 86 

70.84 

0.20 

0.20 

4.57  5.38  5.58 

70.80 

0.  15 

0.15 

4.63 

70.75 

0.  10 

0.  10 

3.74 

70.70 

0.  05 

0.05 

2.20 

70.60 

2.07 

70.60 

1.04 

70.50 

0.73 

X=130’ 

71.56 

0.90 

0.90 

7.40 

D=1 . 00’ 

71.46 

0.80 

0.80 

7.96  7.96 

71.36 

0.70 

0.70 

7.40 

71.16 

0.50 

0.50 

6.63 

71.06 

0.40 

0.40 

6.43 

70.96 

0.  30 

0.30 

5.86 

70.86 

0.20 

0.20 

«j  •  67  j  •  1  >>  j  ■  1  j 

70.81 

0.  15 

0.  15 

4.80 

70.76 

0.  10 

0.  10 

4.33 

70.71 

0.05 

0.  05 

3.51 

70.64 

2.20 

70.62 

2.20 

70.60 

1.27 

X=140’ 

71.54 

0.  90 

0.89 

7.86 

D-0.982* 

71.44 

0.80 

0.79 

7.61  7.75 

71.34 

0.70 

0.69 

7.  10 

71. 14 

0.50 

0.49 

6.55 

71.04 

0.40 

0.39 

6.  13 

70.95 

0.30 

0.29 

5.58 

70.85 

0.20 

0.20 

5.08  5.18  4.91 

70.80 

0.  15 

0.  15 

4.69 

70.75 

0.  10 

0.  10 

4.21 

70.70 

0.  05 

0.  05 

3.36 

70.61 

2.54 

70.60 

1.79 

70.61 

2.20 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  68 

S=0. 01796 

Rock  size 

2  in. 

Q=50  cfs 

Temp  72  F 

Thickness 

4  in. 

Elevation 

Fraction 

Depth  Velocity  Velocity 

Velocity 

(ft) 

of  Depth 

Z 

ft/sec  ft/sec 

ft/ sec 

(ft)  Y 

=1.33’  Y  *4.00’ 

Y  =6.67’ 

X=120’ 

71.52 

0.90 

0.87 

8.57 

D=0 . 963 ' 

71.42 

0.80 

0.77 

8.04 

8.90 

71.32 

0.70 

0.67 

7.96 

71.13 

0.50 

0.48 

7.40 

71.00 

0.  40 

0.36 

7.  14 

70.94 

0.  30 

0.29 

6.22 

70.84 

0.20 

0.  19 

5.77  6.02 

5.28 

70.79 

0.  15 

0.  14 

5.88 

70.74 

0.  10 

0.  10 

5.  18 

70.70 

0.05 

0.05 

4.80 

70.59 

2.07 

70.67 

4 . 63 

70.51 

0.00 

X=130’ 

71.50 

0.90 

0.84 

8.07 

D=0. 930’ 

71.40 

0.80 

0.74 

8.  13 

8.20 

71.31 

0.70 

0.65 

7.  70 

71.12 

0.50 

0.47 

7.  16 

71.03 

0.40 

0.37  ’ 

6.87 

70.94 

0.30 

0.28 

6.45 

70.84 

0.20 

0.  19 

5.63  5.84 

5.91 

70.80 

0.  15 

0.  14 

5.38 

70.75 

0.  10 

0.09 

5.02 

70.  71 

0.  05 

0.05 

4.24 

70.54 

2.54 

70.64 

2.88 

70.  58 

3. 02 

X=140’ 

71.47 

0.90 

0.82 

8.  19 

D=0.914’ 

71.38 

0.80 

0.73 

7.92 

8.02 

71.29 

0.70 

0.64 

7.94 

71.11 

0.50 

0.  46 

7.22 

71.01 

0.40 

0.37 

7.03 

70.92 

0.30 

0.28 

6.59 

70.83 

0.20 

0.  18 

5.28  6.24 

5.31 

70.76 

0.  15 

0.  11 

5.86 

70.74 

0.  10 

0.09 

5.79 

70.69 

0.05 

0.  05 

4.57 

70.71 

2.84 

70.62 

0.  73 

70.64 

1.27 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


X= 1 20 ’ 
D=0.948’ 


Run  *  69 
Q=50  cfs 

S=0. 01888 
Tepm  68  F 

Rock  size 
Thickness 

2  in. 

4  in. 

Elevation  Fraction 
(ft)  of  Depth 

Depth 

Z 

'  (ft) 

Velocity 

ft/sec 

V  =1.33’ 

Velocity 

ft/sec 

Y  =4.00’ 

Velocity 
ft/ sec 

Y  =6.67’ 

71.50 

0.90 

0.85 

8.50 

71.40 

0.80 

0.76 

8.40 

8.76 

71.31 

0.  70 

0.66 

8.00 

71.12 

0.  50 

0.47 

7.22 

71.03 

0.  40 

0.38 

6.70 

70.93 

0.30 

0.28 

6.77 

70. 84 

0.20 

0.  19 

5.31 

6.26 

5.79 

70.  79 

0.  15 

0.  14 

5.93 

70.74 

0.  10 

0.09 

5.74 

70.69 

0.  05 

0.05 

4.75 

70.27 

1.04 

70.52 


70.57 


3.00 


2.07 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 

Run  #  70  S=0.01110  Rock  size  2  in. 

Q=75  cfs  Tamp  69  F  Thicknass  4  in. 


Elevation  Fraction  Depth  Velocity  Velocity  Velocity 

<ft)  of  Depth  Z  ft/sec  ft/sec  ft/sec 

<ft>  V  =1.33’  Y  =4.00’  Y  =6.67’ 


X=120’ 
D=1 . 410’ 


71.92 

0.90 

1.27 

8.54 

71.78 

0.80 

1.13 

in 

• 

CD 

8.26 

71.64 

0.70 

0.99 

8.  12 

71.35 

0.50 

0.70 

7.  23 

71.21 

0.40 

0.56 

6.83 

71.07 

0.  30 

0.42 

6.45 

70.93 

0.20 

0.28 

6.47 

5.84 

6.26 

70.85 

0.  15 

0.20 

5.31 

70.  79 

0.  10 

0.  14 

5.08 

70.72 

70.72 

0.05 

0.07 

4.30 

4.57 

70.57 

70.57 

3.  36 

2.20 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #71 
Q=75  cfs 

S*0. 00781 
Temp  70  F 

Rock  size 
Thickness 

2  in. 

4  in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 
ft /sec 

V  *1.33’ 

Velocity 

ft/sec 

Y  *4. 00’ 

Velocity 
f t/sec 

Y  *6.67' 

X=120’ 

72.00 

0. 90 

1.35 

7.00 

7.60 

7.06 

D*  1.498-' 

71.70 

0.70 

1.05 

7.08 

6.95 

7.27 

71.40 

0.  50 

0.75 

6.85 

6.53 

6.75 

71.25 

0.40 

0.60 

6.34 

6.  13 

6.70 

71.10 

0.30 

0.45 

5.84 

5.53 

5.93 

70.95 

0.  20 

0.30 

5.36 

5.05 

5.  10 

70.87 

0.  15 

0.23 

5  a  05 

4.43 

4,52 

70.  80 

0.  10 

0.  15 

4.46 

3.66 

3.59 

70.72 

0.05 

0.  08 

4.91 

3.06 

2.84 

70.63 

2.84 

70.65 

2.69 

70.58 

1.87 

X= 1 30’ 

74.99 

0.90 

1.33 

7.18 

7.75 

7.25 

D=1 .474' 

71.69 

0.70 

1.03 

7.29 

7.47 

7.22 

71.40 

0.50 

0.74 

6.79 

6.75 

6.91 

71.25 

0.40 

0.59 

6.51 

6.  17 

6.63 

71.10 

0.30 

0.44 

5.95 

5.81 

6.26 

70.95 

0.20 

0.30 

5.43 

5.33 

5.67 

70.88 

0.  15 

0.22 

4.69 

5.08 

5.08 

70.81 

0.  10 

0.  15 

4.  14 

7.75 

4.63 

70.73 

0.05 

0.07 

3.74 

4.  14 

3.95 

70.58 

3.11 

70.60 

4.52 

70.51 

3.  19 

X=140’ 

71.98 

0.90 

7.27 

7.66 

7.00 

D«1 . 476’ 

71.68 

0.70 

7.03 

7.05 

7.23 

71.39 

0.50 

6.85 

6.70 

6.89 

71.24 

0.40 

6.63 

6.09 

6.55 

71.09 

0.30 

6.  13 

5.60 

6.02 

70.95 

0.20 

5.58 

5.38 

5.60 

70.87 

0.  15 

5.33 

5.  18 

5.  10 

70.80 

0.  10 

4.55 

4.49 

4.49 

70.  72 

0.05 

4.08 

4.21 

4.05 

70.65 

4.05 

70.60 

4.  18 

70.61 

2.00 

CORPS  OF 

ENGINEERS 

RIPRAP 

PROJECT 

Run  #  72 

S=0. 00937 

Rock  size 

2  in. 

Q=75  cf  s 

Temp  70  F 

Thickness 

4  in. 

Elevation 

Fraction 

Depth 

Velocity  Velocity 

Velocity 

(ft) 

of  Depth 

Z 

ft/sec  ft/sec 

ft /sec 

(ft) 

Y  *1.33’  Y  *4 • 00' 

Y  =6.67’ 

X=120’ 

71.94 

0.90 

1.29 

8.  14 

Da 1.432' 

71.79 

0.  80 

1.  15 

7.65 

7 . 63 

71.65 

0.70 

1.00 

7.49 

71.36 

0.50 

0.72 

6.93 

71.22 

0.40 

0.57 

6.43 

71.08 

0.30 

0.43 

5.97 

70.93 

0.20 

0.29 

5.72  5.65 

5.41 

70.86 

0.  15 

0.22 

5.05 

70.79 

0.  10 

0.  14 

4.57 

70.72 

0.05 

0.07 

3.36 

70.  65 

2.74 

70.65 

2.34 

70.66 

0.90 

X*130’ 

71.95 

0.90 

1.29 

7.68  8.19 

7.54 

D»l. 431' 

71.66 

0.70 

1.00 

7.86  7.86 

7.79 

71.37 

0.50 

0.71 

7.47  7.25 

7.44 

71.23 

0.40 

0.57 

7.22  6.87 

7.06 

71.08 

0.30 

0.42 

6.75  6.34 

6.67 

70.94 

0.20 

0.28 

6.26  5.67 

6.  04 

70.87 

0.  15 

0.21 

5.77  5.28 

5.53 

70.80 

0.  10 

0.  14 

5.29  4.63 

4.91 

70.73 

0.05 

0.07 

4.40  2.84 

2.54 

70.56 

1.47 

70.61 

0.73 

70.63 

0.  00 

X=140’ 

71.92 

0.90 

1.27 

7.92 

D* 1.405’ 

71.78 

0.80 

1.  13 

7.66 

7.58 

71.63 

0.70 

0.98 

7.36 

71.35 

0.50 

0.70 

6.73 

71.21 

0.40 

0.56 

6.22 

71.07 

0.30 

0.42 

5.95 

70.93 

0.20 

0.28 

4.46  4.83 

5.63 

70.86 

0.  15 

0.21 

4.66 

70.79 

0.  10 

0.  14 

4.05 

70.72 

0.05 

0.07 

3.02 

70.56 

1.55 

70.63 

1.27 

70.56 

2.  14 

CORPS  OF 

ENGINEERS 

RIPRAP 

PROJECT 

Run  #  73 

3=0.00731 

Rock  size 

2  in. 

Q=100  cfs 

_ _ __ 

Temp  72  F 

Thickness 

4  in. 

El  evati on 

Fraction 

Depth 

Velocity  Velocity 

Velocity 

(ft) 

of  Depth 

2 

ft/sec 

ft/sec 

ft/sec 

(ft) 

Y  =1.33’ 

Y  =4.00’ 

Y  =6.67’ 

X=120’ 

72.41 

0.90 

1.76 

8.  26 

D=1.960’ 

72.22 

0.80 

1.57 

7.22 

7.00 

72.02 

0.70 

1.37 

7.61 

71.63 

0.50 

0.98 

7.  14 

71.43 

0.40 

0.  78 

6.51 

71.24 

0.  30 

0.59 

6.00 

71.04 

0.20 

0.39 

5.67 

5.72 

5.81 

70.94 

0.  15 

0.29 

5.28 

70.84 

0.  10 

0.20 

4.75 

70.75 

0.  05 

0.  10 

3.02 

70.60 

2.47 

70.58 

70.65 

2.64 

3.73 

X=130’ 

72.39 

0.90 

1.73 

7.05 

8.  12 

6.81 

D=1 . 923’ 

72.00 

0.70 

1.35 

7.  12 

7.79 

6.99 

71.62 

0.50 

0.96 

7.00 

6.81 

6.93 

71.43 

0.40 

0.77 

6.51 

6.13 

6.55 

71.24 

0.30 

0.58 

6.  13 

5.84 

5.95 

71.04 

0.20 

0.39 

5.33 

5.70 

5.53 

70.95 

0.  15 

0.29 

4.94 

5.02 

5.  13 

70.85 

0.  10 

0.  19 

5.  18 

4.69 

5.02 

70.  75 

0.05 

0.  10 

4.66 

4.  01 

4.57 

70.61 

3.74 

70.60 

2.37 

70.75 

4.69 

X=140’ 

72.43 

0.90 

1.78 

8.02 

D= 1.978’ 

72.23 

0.80 

1.58 

6.80 

6.95 

72.04 

0.70 

1.38 

7.65 

71.64 

0.50 

0.99 

6.87 

71.44 

0.40 

0.79 

6.43 

71.24 

0.30 

0.59 

5.86 

71.05 

0.20 

0.40 

5.  30 

5  e  v>0 

5.43 

70.95 

0.  15 

0.  30 

5.  00 

70.85 

0.  10 

0.  20 

4.27 

70.  75 

0.05 

0.  10 

3.74 

70.60 

3.44 

70.62 

2.07 

70.  59 

3.11 

CORPS  QF  ENGINEERS  RIPRAP  PROJECT 


Run  #  74 

Q=100  cfs 

S=0. 00840 
Temp  71  F 

Rock  size  2 
Thickness  4 

in. 

in. 

Elevation 

(•ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity 
f t/sec 
3>Y  =1.33’ 

Velocity  Velocity 
ft/sec  ft/sec 

3Y  =4.00’5>Y  =6.67’ 

X=120’ 

72.39 

0.90 

1.74 

7.08 

8.40 

7.54 

D=1 . 932’ 

72.00 

0.70 

1.35 

7.74 

8.02 

7.86 

71.61 

0.50 

0.97 

7.33 

7.03 

7.45 

71.42 

0.40 

0.77 

7.06 

6.65 

7.  16 

71.23 

0.30 

0.58 

6.61 

5.88 

6.51 

71.03 

0.20 

0.39 

6.26 

5.33 

6.02 

70.94 

0.  15 

0.29 

5.65 

5.00 

5.  18 

70.84 

0.  10 

0.  19 

5.23 

4.78 

4.66 

70.74 

0.  05 

0.  10 

3.  73 

4.40 

4.27 

70.64 

2.59 

70.56 

2.54 

70.63 

3.  28 

X=130’ 

72.30 

0.90 

1.65 

7.22 

8.59 

7.45 

0=1.831’ 

71.94 

0.70 

1.28 

7.54 

8.07 

7.77 

71.57 

0.50 

0.92 

7.  14 

7.23 

7.40 

71.39 

0.40 

0.73 

6.91 

6.95 

6.73 

71.21 

0.30 

0.55 

6.45 

6.67 

6.55 

71.02 

0.20 

0.37 

5.91 

5.91 

6 . 06 

70.93 

0.  IS 

0.27 

5.36 

5.61 

5.51 

70.84 

0.  10 

0.  18 

5.08 

5.15 

5.02 

70.75 

0.05 

0.09 

4.46 

3.98 

4.63 

70.61 

3.  63 

70.  60 

3.32 

70.58 

2.93 

X=140’ 

72.  37 

0.90 

1.72 

7.54 

8.48 

7.  10 

0=1.909’ 

71.98 

0.70 

1.34 

7.68 

7.75 

7.74 

71.60 

0.50 

0.95 

7.22 

7.  14 

7.20 

71.41 

0.40 

0.76 

6.71 

6.93 

6. 85 

71.22 

0.30 

0.57 

6.32 

6.24 

6.26 

71.03 

0.20 

0.38 

5.72 

5.41 

5.79 

70.93 

0.  15 

0.29 

5.41 

5.08 

5.67 

70.84 

0.  10 

0.  19 

4.69 

4.46 

4.91 

70.74 

0.05 

0.09 

4.05 

3.84 

4.08 

70.58 

2.07 

70.63 

2.69 

70.60 


1.79 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  75 

S=0. 01066 

Rock  size 

2  in. 

Q=100  cfs 

Temp  70  F 

Thickness 

4  in. 

Elevation 

Fraction 

Depth 

Velocity  Velocity 

Vel oci ty 

(■ft) 

of  Depth 

Z 

ft/sec  ft/sec 

ft /sec 

(ft) 

Y  =1.33’  Y  =4.00’ 

Y  =6.67’ 

X=120’ 

72.27 

0.90 

1.62 

8.91 

D=1.804’ 

72.09 

0.80 

1.44 

8.02 

8.09 

71.91 

0.70 

1.26 

8.  40 

71.55 

0.50 

0.90 

7.70 

71.37 

0.40 

0.72 

7.  16 

71.19 

0.30 

0.54 

6.65 

71.01 

0.20 

0.36 

6.04  5.86 

5.88 

70.92 

0.  15 

0.27 

5.72 

70.83 

0.  10 

0.  18 

5  m 

70.74 

0.  05 

0.09 

4.86 

70.59 

1.47 

70. 56 

0.73 

70.65 

3.23 

X= 1 30 ’ 

72.28 

0.90 

1.62 

8.76 

0=1.800’ 

72.  10 

0.80 

1.44 

8.02 

7.68 

71.92 

0.70 

1.26 

8.  16 

71.56 

0.50 

0.90 

7.40 

71.38 

0.40 

0.72 

7.25 

71.20 

0.30 

0.54 

6.51 

71.02 

0.20 

0.36 

5.86  6.13 

5.81 

70.  93 

0.  15 

0.27 

5.58 

70.84 

0.  10 

0.  IB 

5.43 

70.75 

0.  05 

0.09 

4.80 

70.63 

1.27 

70.  58 

1.64 

70.56 

1.27 

X= 140’ 

72.28 

0.90 

1.63 

8.73 

D= 1 . 80Q ’ 

72.  10 

0.  80 

1.45 

7.92 

7.51 

71.92 

0.  70 

1.27 

8.  12 

71.60 

0.30 

0.95 

7.61 

71.42 

0.40 

0.77 

7.22 

71.24 

0.30 

0.59 

6.55 

71.06 

0.20 

0.41 

6.26  6.26 

5.67 

70.97 

0.  15 

0.32 

5.53 

70.88 

0.  10 

0.23 

4.75 

70.79 

0.05 

0.14 

3.81 

70.71 

• 

4.21 

70.66 

1.64 

70.56 

0.00 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  «  76 
Q-25  cfs 

S*0. 01193 
Temp  67  F 

Rock  size  2  in. 
Thickness  4  in. 

Elevation 

(•ft) 

Fraction 
of  Depth 

Depth  Velocity 

Z  ft/sec 

-  (ft)  -8Y  *1.33' 

Velocity  Velocity 
ft/sec  ft/sec 

5>Y  =4.  00’  5>Y  =6.67’ 

X*120’ 

71.25 

0.90 

0.60 

5.23 

5.81  5.58 

D-0.666' 

71.11 

0.70 

0.47 

5.  02 

5.43  5.28 

70.98 

0.50 

0.33 

4.46 

4.97  4.69 

70.91 

0.40 

0.27 

4.  14 

4.69  4.40 

70.85 

0.30 

0.20 

3.88 

4.40  4.08 

70.78 

0.20 

0. 13 

3.51 

3.81  3.59 

70.75 

0.  15 

0.  10 

3.28 

2.93  3.44 

70.72 

0.  10 

0.07 

3.02 

1.64  3.02 

70.68 

0.05 

0.03 

1.64 

0.73  2.54 

70.66 

0.00 

70.63 

0.00 

70.59 

1.66 

X=130' 

71.26 

0.90 

0.60 

5.  23 

5.51  5.70 

D-0.668' 

71.12 

0.70 

0.47 

5.  15 

5.38  5.33 

70.99 

0.50 

0.33 

4.83 

4.97  4.89 

70.92 

0.40 

0.27 

4.52 

4.49  4.69 

70.86 

0.30 

0.20 

3.81 

4.33  4.40 

70.79 

0.20 

0.  13 

3.59 

3.91  3.66 

70.76 

0.  IS 

0.  10 

3.44 

3.59  3.66 

70.72 

0.  10 

0.07 

3.02 

3.44  3.32 

70.69 

0.05 

0.03 

2.64 

3.28  2.88 

70.62 

1.  16 

70.62 

2.59 

70.60 

1.72 

X=140’ 

71.29 

0.90 

0.64 

5.28 

5.75  5.28 

D=0. 708’ 

71.15 

0.70 

0.50 

5.07 

5.23  5.07 

71.00 

0.50 

0.35 

4.52 

4.91  4.57 

70.93 

0.40 

0.28 

4.  21 

4.40  4.33 

70.86 

0.30 

0.21 

3.81 

4.21  3.88 

70.79 

0.20 

0.  14 

3.44 

3.81  3.66 

70.76 

0.  IS 

0.11 

3.  19 

3.66  3.51 

70.72 

0.  10 

0.07 

2.93 

3.66  3.28 

70.69 

0.05 

0.03 

2.84 

3.19  3.02 

70.66 

2.74 

70.64 

2.84 

70.64 

2.43 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  77 
Q=25  cf s 

S=0. 01858 
Temp  67  F 

Rock  size  2  in. 
Thickness  4  in. 

Elevation 

(ft) 

Fraction 
of  Depth 

Depth 

Z 

(ft) 

Velocity  Velocity  Velocity 
ft/sec  ft/sec  ft/sec 

Y  =1 . 33’  Y  =4.00’  Y  =6.67' 

X=120' 

71.20 

0.90 

0.  55 

6.  26 

D=0. 610’ 

71. 14 

0.80 

0.49 

5.95  5.91 

71.08 

0.70 

0.43 

5.95 

70.95 

0.50 

0.31 

5.62 

70.89 

0.40 

0.24 

5.23 

70.83 

0.  30 

0.  18 

4.97 

70.77 

0.20 

0.  12 

4.08  4.75  4.27 

70.74 

0.  15 

0.09 

4.57 

70.71 

0.  10 

0.06 

4.33 

70.68 

0.05 

0.03 

3.74 

70.63 

2.43 

70.62 

3.51 

70.68 

3.88 

X=130' 

71.18 

0.90 

0.52 

6.53 

D=0. 577’ 

71.12 

0.80 

0.46 

6.51  6.47 

71.06 

0.70 

0.40 

'6.  17 

70.95 

0.50 

0.29 

5. 81 

70.89 

0.40 

0.23 

5.51 

70.83 

0.30 

0.  17 

5.  08 

70.77 

0.20 

0.11 

4.27  4.78  4.40 

70.75 

0.  15 

0.09 

4.49 

70.72 

0.  10 

0.06 

4.  14 

70.69 

0.05 

0.03 

3.91 

70.62 

2.  14 

70.62 

4.01 

70.62 

2.07 

X=140' 

71.20 

0.90 

0.55 

6.59 

D=0.608’ 

71.14 

0.80 

0.49 

6.00  6.39 

71.08 

0.70 

0.43 

6.22 

70.95 

0.50 

0.30 

5.48 

70.89 

0.40 

0.24 

5.  13 

70.83 

0.30 

0.  18 

4.75 

70.77 

0.20 

0.  12 

4.08  4.27  3.95 

70.74 

0.  15 

0.09 

4.01 

70.71 

0.  10 

0.06 

j  •  36 

70.68 

0.05 

0.03 

3.02 

70.66 

3.66 

70.65 

2.93 

70.  63 

2.32 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  78 
Q*50  cfs 

S=0. 01579 

T emp  68  F 

Rock  size 
Thickness 

2  in. 

4  in. 

Elevation  Fraction 
(ft)  of  Depth 

Depth  Velocity 
Z  ft/sec 

-(ft)  Y-  *1.33’ 

Vel ocx  ty 
ft /sec 

Y  =4.00’ 

Velocity 

ft/sec 

Y  =6.67’ 

X=120’ 

71.59 

0.90 

0.95 

7.86 

7.23 

8.46 

D=1 . 050’ 

71.38 

0.70 

0.  73 

7.51 

6.  53 

8.27 

71.17 

0.  50 

0.53 

6. 53 

5.72 

7.47 

71.07 

0.40 

0.42 

6.24 

5.23 

7.03 

70.96 

0.  30 

0.  31 

5.56 

4.30 

6.63 

70.86 

0.20 

0.21 

5.  00 

4.  14 

6.  11 

70.81 

0.  15 

0.  16 

4.66 

3.63 

5.97 

70.75 

0.  10 

0.  11 

4.46 

3.  19 

5.31 

70.70 

0.  05 

0.05 

3.84 

3.51 

5.  13 

'70.60 

2.74 

70.60 

3. 15 

70.52 

3.  15 

X=130’ 

71.52 

0.90 

0.86 

7.99 

8.  12 

7.96 

0*0.961’ 

71.33 

0.70 

0.67 

7.43 

7.43 

7.68 

71.14 

0.50 

0.48 

6.75 

6.83 

7.03 

71.04 

0.40 

0.38 

6.47 

6.71 

6.63 

70.95 

0.30 

0.29 

5.95 

6.  13 

6.  17 

70.85 

0.20 

0.  19 

5.43 

5.77 

5.67 

70.80 

0.  15 

0.  14 

4.97 

5.28 

5.08 

70.75 

0.  10 

0. 10 

4.69 

5.02 

4.97 

70.71 

0.05 

0.05 

3.95 

4.21 

4.46 

70.60 

1.27 

70.  57 

3.  11 

70.61 

2.64 

X=140’ 

71.60 

0.90 

0.95 

7.87 

7.67 

7.58 

0*1.056’ 

71.39 

0.70 

0.74 

7.43 

7.20 

7.42 

71.18 

0.50 

0.53 

6.49 

6.63 

6.57 

71.07 

0.40 

0.42 

6.22 

6.11 

6.  02 

70.97 

0.30 

0.32 

5.67 

5.53 

5.  33 

70.86 

0.20 

0.21 

4.57 

4.78 

4.75 

70.81 

0.  15 

0.  16 

3.77 

4.49 

4.  30 

70.76 

0.  10 

0.11 

3.36 

3.74 

3.95 

70.70 

0.05 

0.05 

3.28 

70.72  3.11 

70.70  3.44 


70.73 


O.  00 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  #  79 
Q=25  cfs 


S=0.01180  Rock  size  2  in. 

Temp.  68  F  Thickness  6  in. 


Elevation 

<ft> 


X=120’  71.46 

D=0.714’  71.32 

71.18 
71.11 
71.03 
70.96 
70.93 
70.89 
70.  86 
70.72 
70.80 
70.77 

X  =*130’  71.44 

0=0.702’  71.30 

71.16 
71.09 
71.02 
70.95 
70.91 
70.88 
70.84 
70.  72 
70.71 
70.74 


Fraction  Depth  Velocity  Velocity  Velocity 

of  Depth  Z  ft/sec  ft/sec  ft/sec 

<ft)  3Y=  1.33’  ®Y=4. 0’  5>Y=6.67’ 


0.90 

0.64 

5.53 

5.  77 

5.  58 

0.70 

0.50 

5.  13 

5.28 

5.  13 

0.50 

0.36 

4.69 

4.97 

4.80 

0.40 

0.29 

4.33 

4.57 

4.52 

0.  30 

0.  21 

3.74 

4.27 

4.27 

0.20 

0.  14 

3.44 

3.95 

3.95 

0.  15 

0.11 

3.  19 

3.74 

3. 66 

0.  10 

0.07 

2.84 

3.59 

3.44 

0.05 

0.04 

2.64 

«•!>  a  06 

3.  19 

1.47 

2.64 

2.84 

0.90 

0.63 

5.  18 

5.  60 

5.67 

0.70 

0.49 

4.69 

5.48 

5.33 

0.50 

0.35 

4.21 

5.02 

4.66 

0.40 

0.28 

4.  18 

4.78 

4.49 

0.30 

0.21 

3.66 

4.  30 

4.05 

0.  20 

0.  14 

3.47 

3.74 

3.  32 

0.  15 

0.  1 1 

2.88 

3.70 

3.  06 

0.  10 

0.07 

2.93 

3.59 

2.93 

0.05 

0.03 

2.84 

3.28 

2.59 

2.  00 

1.37 

0.90 

X=140’  71.44  0.90 

D=0 .713’  71.30  0.70 

71.16  0.50 

71.08  0.40 

71.01  0.30 

70.94  0.20 

70.91  0.15 

70.87  0.10 

70.84  0.05 

70.79 
70.75 
70.81 


0.64  5.33  5.63 

0.50  5.13  5.46 

0.36  4.63  5.07 

0.28  4.27  4.52 

0.21  3.81  4.33 

0.14  3.44  3.66 

0.11  3.02  3.36 

0.07  2.74  3.19 

0.04  2.32  2.74 

1.94 


5.63 
5.  18 
4.  75 
4.33 

3.74 
3.02 

2.74 
2.43 
1.94 


1.94 


1.79 


CORPS  OF 

ENGINEERS 

RIPRAP 

PROJECT 

RUN  #  80 

S«0. 01870 

Rock  zise 

2  in. 

Q-25  cfs 

Temp.  69 

F 

Thickness 

6  in. 

Elevation 

Fraction 

Depth 

Veloci ty 

Velocity 

Velocity 

(ft) 

of  Depth 

Z 

ft /sec 

ft/sec 

ft /sec 

(ft) 

Y*i . 33' 

Y»4.0’ 

Y=6. 67' 

X*120’ 

71.37 

0.90 

0.55 

6  •  30 

6.55 

6.  17 

D-0.612’ 

71.25 

0.70 

0.43 

6.00 

6.22 

5.86 

71.13 

0.50 

0.31 

5.53 

5.53 

5.38 

71.07 

0.  40 

0.25 

5.33 

5.  13 

5.  18 

71.00 

0.30 

0.  18 

4.69 

4.97 

4.80 

71.94 

0.20 

1.12 

4.00 

4.33 

4.46 

70.91 

0.  15 

0.09 

3.81 

4.08 

4.  14 

70.88 

0.  10 

0.06 

3.  36 

3.81 

3.88 

70.85 

0.05 

0.03 

3.  10 

3.74 

3.88 

70.73 

2.07 

70.85 

3.81 

70.75 

0.73 

X=*130’ 

71.36 

0.90 

0.55 

6.09 

6.55 

6.34 

D-0.614’ 

71.24 

0.70 

0.43 

5.67 

6.39 

6.00 

71.11 

0.50 

0.31 

5.23 

5.77 

5.67 

71.05 

0.40 

0.25 

4.75 

5.43 

5.28 

70.99 

0.30 

0.18 

4.33 

4.91 

5.08 

70.93 

0.20 

0.  12 

4.08 

4.52 

4.63 

70.90 

0.  15 

0.09 

3.88 

4.  14 

1.64 

70.87 

0.  10 

0.06 

3.81 

3.81 

0.  00 

70.84 

0.05 

0.03 

3.74 

3.  74 

0.  00 

70.84 

0.00 

70.72 

2.54 

70.77 

X»140' 

71.33 

0.90 

0.53 

6.26 

6.63 

6.  67 

D=0. 594’ 

71.22 

0.70 

0.42 

5.  77 

6.34 

6.  13 

71.10 

0.50 

0.30 

5.38 

5.63 

5.72 

71.04 

0.40 

0.24 

5.02 

5. 18 

5.43 

70.98 

0.30 

0.  18 

4.52 

4.69 

4.63 

70.92 

0.20 

0.  12 

3.81 

4.21 

3.51 

70.89 

0.  15 

0.09 

3.51 

3.81 

2.93 

70.86 

0. 10 

0.06 

3.02 

3.51 

2.32 

70.83 

0.05 

0.03 

2.74 

3.11 

1.64 

70.80 

2.07 

70.78 

2.54 

- 

70.78 

1.04 

CORP  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  #  81 

S=0. 01205 

Rock  size 

2  in. 

Q=50  c-f  s 

Twmp.  70 

F 

Thickness 

6  in. 

Elevation 

Fraction 

Depth 

Velocity 

Velocity 

Velocity 

(ft) 

o-f  Depth 

Z 

■ft /sec 

ft/sec 

ft/sec 

(•ft) 

Y= 1 . 33 ’ 

Y=4. 0’ 

Y=6. 67’ 

X=120’ 

71.79 

0.90 

0.97 

7.31 

0=1.078' 

71.68 

0.80 

0.86 

7.42 

7.05 

71.58 

0.  70 

0.76 

6.81 

71.36 

0. 50 

0.  54 

6.41 

71.25 

0.  40 

0.43 

6 . 00 

71.14 

0.30 

0.32 

5.  43 

71.04 

0.20 

0.22 

5.21 

4.89 

5.26 

70.98 

0.  15 

0.  16 

4.46 

70.93 

0.  10 

0.11 

4.30 

70.87 

0.  05 

0.  05 

4.00 

70.  72 

2.07 

70.72 

3.47 

70.78 

3.44 

X=130’ 

71.76 

0.90 

0.95 

7.03 

0=1.060’ 

71.85 

0.80 

1.05 

7.  12 

6.97 

71.55 

0.70 

0.74 

6.73 

71.34 

0.50 

0.53 

6.39 

71.23 

0.40 

0.42 

6.04 

71. 12 

0.30 

0.32 

5.53 

71.02 

0.  20 

0.21 

4.89 

4.94 

5.23 

70.97 

0.  15 

0.  16 

4.52 

70.91 

0.  10 

0.  1 1 

4.36 

70.86 

0.05 

0.05 

3.95 

70.78 

2.97 

70.69 

2.84 

70.81 

1.87 

X=140’ 

71.76 

0.90 

0.96 

7.36 

D= 1.065’ 

71.65 

0.80 

0.85 

7.20 

7.  16 

71.55 

0.70 

0.75 

6.95 

71.33 

0.50 

0.53 

6.43 

71.23 

0.40 

0.43 

6.  11 

71.12 

0.30 

0.32 

5.48 

71.01 

0.20 

0.21 

4.63 

4.97 

5.  18 

70.96 

0.  15 

0.  16 

4.60 

70.91 

0.  10 

0.11 

4.36 

70.85 

0.05 

0.05 

3.66 

70.76 

0.90 

70.77 

1.94 

70.73 

1.87 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  #  82 
Q«50  cfs 

S=0. 01544 
Temp.  67  F 

Rock  size 
Thickness 

2  in. 

6  in. 

Elevation  Fraction 
(ft)  of  Depth 

Depth  Velocity  Velocity 

Z  ft/sec  ft/sec 

(ft)  Y=1 .  33’  Y=4 . 0  ’ 

Velocity 
f t/sec 
Y=6. 67’ 

X=120’ 

71.69 

0.  90 

0.87 

7.92 

7.61 

7.99 

D=0.  968’ 

71.50 

0.70 

0.68 

7.82 

7.33 

7.54 

71.30 

0.50 

0.48 

7.36 

6.83 

6.  95 

71.21 

0.  40 

0.39 

6.71 

6.34 

6.47 

71.11 

0.30 

0.29 

6.34 

5.95 

6.30 

71.01 

0.20 

0.  19 

5.48 

5.48 

5.67 

70.97 

0.  15 

0.  15 

5.  18 

5.  18 

5.28 

70.92 

0.  10 

0.  10 

4.86 

4.86 

4.97 

70.87 

0.05 

0.  05 

4.  01 

4.52 

4.52 

70.  75 

1.27 

70.82 

4  •  3-> 

70.78 

3.  19 

Xs*  130’ 

71.68 

0.90 

0.98 

7.87 

7.68 

7.89 

0=0.976’ 

71.49 

0.70 

0.78 

7.38 

7.36 

7.61 

71.29 

0.50 

0.59 

6.75 

6.81 

7.05 

71.20 

0.40 

0.49 

6.37 

6.  13 

6.97 

71. 10 

0.30 

0.39 

5.72 

5.93 

6.  17 

71.00 

0.20 

0.30 

5.  10 

J  ■  JsV 

5.43 

70.  95 

0.  15 

0.25 

4.63 

5.26 

5  •  23 

70.90 

0.  10 

0.20 

4.33 

4.60 

4.69 

70.86 

0.05 

0.  15 

3.63 

4.52 

4.24 

70.79 

2.48 

70.  76 

3.84 

70.81 

3.47 

X=140’ 

71.66 

0.90 

0.86 

7.89 

7.99 

7.99 

0=0.955’ 

71.47 

0.70 

0.67 

7 . 36 

7.40 

7.61 

71.28 

0.50 

0.48 

7.06 

6.87 

6.99 

71.18 

0.40 

0.38 

6.63 

6.63 

6.67 

71.09 

0.30 

0.29 

5.86 

6.26 

6.30 

70.99 

0.20 

0.  19 

5.28 

5.58 

5.77 

70.94 

0.  15 

0.  14 

4.86 

5.  18 

5.  23 

70.90 

0.  10 

0.  10 

4.40 

4.27 

4.33 

70.85 

0.05 

0.05 

3.51 

3.44 

3.36 

70.80  3.44 


70.77 


1.79 


2.54 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


SS33S33S! 

RUN  *  83 
Q=50  cfs 

S*0. 01 724 
Temp.  67 

Rock  size 
F  Thickness 

2  in. 

6  in. 

Elevation  Fraction 
(ft)  of  Depth 

Depth 

Z 

(ft) 

Velocity  Velocity 
ft/sec  ft/sec 

Y= 1 . 33’  Y=4 . 0 ’ 

Velocity 

ft/sec 

Y=6.67’ 

X=120’ 

71.64 

0.90 

0.82 

8.09 

D»0.913’ 

71.55 

0.  80 

0.73 

8.32 

8.  19 

71.46 

0.70 

0.64 

7.68 

71.28 

0.  50 

0.46 

7.  14 

71.19 

0.  40 

0.37 

6. 83 

71.09 

0.30 

0.27 

6.43 

71.00 

0.20 

0.  18 

6.06  5.48 

5.53 

70.96 

0.  15 

0.  14 

5.08 

70.91 

0.  10 

0.09 

4.75 

70.87 

0.  05 

0.  05 

4.08 

70.74 

2.59 

70.81 

4.01 

70.75 

2.84 

X-130’ 

71.66 

0.90 

0.85 

7.96 

D=0. 943’ 

71.56 

0.80 

0.76 

8.11 

8.17 

71.47 

0.70 

0.66 

7.65 

71.28 

0.50 

0.47 

7.03 

71.18 

0.40 

0.38 

6.63 

71.09 

0.30 

0.28 

6.08 

71.00 

0.20 

0.  19 

5.74  5.53 

5.91 

70.95 

0.  15 

0.  14 

5.23 

70.90 

0.  10 

0.09 

4.86 

70.85 

0.05 

0.05 

4.57 

70.76 

2.48 

70.75 

1.04 

70.79 

1.47 

X=140’ 

71.63 

0.90 

0.83 

8.  19 

D=0. 928’ 

71.54 

0.80 

0.74 

7.94 

8.32 

71.45 

0.70 

0.65 

7.65 

71.26 

0.50 

0.46 

7.  10 

71.17 

0.40 

0.37 

6.67 

71.08 

0.30 

0.28 

6.  13 

70.99 

0.20 

0.  19 

5a  1  5  •  W*8 

5.81 

70.94 

0.  15 

0.  14 

4.63 

70.89 

0.  10 

0.09 

4.27 

70.85 

0.05 

0.05 

3.51 

70.84 

1.72 

70.76 

1.67 

70.83 

4.30 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  «  84 

S=0. 01879 

Rock  size 

2  in. 

Q-SO  cfs 

Temp.  68F 

Thickness 

6  in. 

Elevation 

Fraction 

Depth 

Velocity  Velocity 

Velocity 

<ft> 

of  Depth 

Z 

ft/sec  ft/sec 

•ft /sec 

<ft> 

Y=1 . 33’  Y=4. 0’ 

Y=6. 67’ 

X=120’ 

71.64 

0.90 

0.82 

8.48 

D=0.916’ 

71.55 

0.80 

0.73 

8.64 

8.42 

71.46 

0.70 

0.64 

7.89 

71.28 

0.50 

0.46 

7.47 

71.19 

0.40 

0.37 

6.69 

71. 10 

0.30 

0.28 

6.00 

71.00 

0.20 

0.  18 

5.58  5.51 

6.  13 

70.96 

0.  15 

0.  14 

5.  18 

70.91 

0.  10 

0.09 

4.55 

70.87 

0.05 

0.05 

3.40 

70.76 

2.32 

70.85 

3.40 

70.72 

2.07 

X=130’ 

71.70 

0.90 

0.90 

8.04 

D-0.995’ 

71.60 

0.80 

0.80 

8.29 

B.  79 

71.50 

0.70 

0.70 

7.38 

71.30 

0.50 

0.50 

6.67 

71.20 

0.40 

0.40 

6.  43 

71.11 

0.30 

0.30 

5.63 

71.01 

0.20 

0.20 

5.91  5.41 

6.34 

70.96 

0.  15 

0.  15 

4.78 

70.91 

0.  10 

0.  10 

4.40 

70.86 

0.05 

0.05 

3.95 

70.80 

0.  00 

70.73 

0.90 

70.74 

1.79 

X=140’ 

71.70 

0.90 

0.90 

8.34 

0=0.998’ 

71.60 

0.80 

0.80 

8.61 

8.45 

71.50 

0.70 

0.70 

8.  16 

71.30 

0.50 

0.50 

7.36 

71.20 

0.40 

0.40 

7.  18 

71.10 

0.30 

0.30 

6.75 

71.00 

0.20 

0.20 

5.18  6.13 

5.86 

70.95 

0.  15 

0.  15 

5.81 

70.90 

0.  10 

0.  10 

5.48 

70.85 

0.05 

0.05 

4.80 

70.80 

3.66 

70.77 

4.46 

70.81 

3.  1  1 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  #  85  S=0. 00898 

GM75  cfs  Temp.  72  F 

Rock  size 
Thickness 

2  in. 

6  in. 

Elevation  Fraction 
(ft)  of  Depth 

Depth  Velocity  Velocity  Velocity 

2  ft/sec  ft/sec  ft/sec 

(ft)  Y=1 . 33'  Y*4. O’  Y=6. 67' 

X=120’ 

72. 16 

0.90 

1.34 

7.36 

7.99 

7.33 

D=  1 . 492 ’ 

71.86 

0.70 

1.04 

7.47 

7.29 

7.29 

71.57 

0.50 

0.75 

7 . 03 

6.47 

6.99 

71.42 

0.40 

0.60 

6.34 

6.00 

6.63 

71.27 

0.30 

0.45 

5.86 

5  ■ 

6.  04 

71.12 

0.20 

0.30 

5. 38 

5.07 

5.63 

71.04 

0.  15 

0.22 

5.38 

4.75 

4.80 

70.97 

0.  10 

0.  15 

4.80 

4.21 

4.69 

70.90 

0.05 

0.08 

3.81 

3.66 

4.  14 

70.70 

1.27 

70.  74 

1.94 

70.77 

3.  19 

X-lZOf 

72.  19 

0.90 

1.38 

7.22 

7.60 

7.  14 

D=>1 . 537’ 

71.88 

0.70 

1.08 

7.42 

6.65 

7.23 

71.58 

0.50 

0.77 

6.95 

6.  17 

6.99 

71.42 

0.40 

0.62 

6.63 

5.93 

6.45 

71.27 

0.30 

0.46 

6.  19 

5.31 

6.02 

71.11 

0.20 

0.31 

5.79 

4.69 

5.72 

71.04 

0.  15 

0.23 

5.05 

4.46 

5.21 

70.96 

0.  10 

0.  15 

4.66 

4.01 

4.89 

70.88 

0.05 

0. 08 

3.36 

3.36 

4.24 

70.87 

2.98 

70.87 

2.54 

70.70 

2.37 

X=140’ 

72.  17 

0.90 

1.38 

7.29 

7.42 

6.97 

D=1 . 528’ 

71.87 

0.70 

1.07 

7.  14 

“7  n-f 
/  •  JLm  W 

7.  12 

71.56 

0.  50 

0.76 

6.73 

6.34 

6. 53 

71.41 

0.40 

0.61 

6.65 

5.93 

6.45 

71.26 

0.30 

0.46 

6.02 

5.46 

5.77 

71. 11 

0.20 

0.31 

5.41 

4.60 

4.72 

71.03 

0.  15 

0.23 

5.  10 

4.21 

4.30 

70.95 

0.  10 

0.  15 

4.46 

3.88 

3.59 

70.88 

0.05 

0.08 

3.77 

1.79 

2.20 

70.73  0.00 

70.75  1.27 

70. SI  1.64 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  *  86 

S=0. 01095 

Rock  size  2  in. 

Q=75  cfs 

Temp.  72 

F 

Thickness  6  in. 

Elevation 

Fraction 

Depth 

Velocity 

Velocity  Velocity 

(ft) 

of  Depth 

Z 

■ft  /sec 

•ft/sec  ft/sec 

(ft) 

Y=1 . 33’ 

Y=4. O’  Y=6. 67’ 

X=120’ 

72.09 

0.90 

1.27 

8.24 

D=1.406’ 

71.95 

0.  80 

1.13 

7.91 

7.86 

71.80 

0.  70 

0.98 

7.45 

71.52 

0.  50 

0.70 

7.  10 

71.38 

0.40 

0.  56 

6 . 55 

71.24 

0.  30 

0.42 

6.22 

71.10 

0.20 

0.28 

5.33 

5.48  5.79 

71.03 

0.  15 

0.21 

4.91 

70.96 

0.  10 

0.  14 

4.55 

70.89 

0.  05 

0.  07 

3.81 

70.72 

0.  00 

70.67 

1.72 

70.  73 

1.27 

X=130? 

72.08 

0.90 

1.28 

7.70 

D^l .418* 

71.94 

0.80 

1.13 

7.60 

7.65 

71.80 

0.70 

0.99 

7 . 56 

71.52 

0.50 

0.71 

6.75 

71.37 

0.40 

0.57 

6.28 

71.23 

0.30 

0.42 

5.86 

71.09 

0.20 

0.28 

5.77 

5.18  5.91 

71.02 

0.  15 

0.21 

5 . 02 

70.95 

0.  10 

0.  14 

4.72 

70.88 

0.05 

0.07 

4.01 

70.83 

2.32 

70.75 

1.  16 

. 

70.79 

3.06 

X*140’ 

72.08 

0.90 

1.28 

8.  19 

D=1 . 419” 

71.93 

0.80 

1.13 

7.65 

7.68 

71.79 

0.70 

0.99 

7.80 

71.51 

0.50 

0.71 

7 . 06 

71.37 

0.40 

0.57 

6.77 

71.23 

0.30 

0.43 

6.02 

71.08 

0.20 

0.  28 

5.86 

Si)  •  36  6.  02 

71.01 

0.  15 

0.21 

5.  13 

70.94 

0.  10 

0.  14 

4.49 

70.87 

0.05 

0.07 

3.95 

70.73 

2.59 

70.80 

3.  1  1 

70.79 

0 .  00 

CORPS  OF 

EN61NEERS 

RIPRAP 

PROJECT 

RUN  #  87 

S=0. 01206 

Rock  size  2  in. 

sssassss 

Q=75  cfs 

ssssssassa 

Temp.  73 

F 

Thickness  6  in. 

Elevation 

Fraction 

Depth 

Velocity  Velocity  Velocity 

(ft) 

of  Depth 

Z 

ft /sec 

ft/sec  ft/sec 

(ft) 

Y=1 . 33’ 

Y=4.0’  Y=6. 67 

X=120’ 

72.09 

0.90 

1.27 

8. 57 

D— 1.410’ 

71.95 

0.80 

1. 13 

8.35 

8.  17 

71.81 

0.  70 

0.99 

7.61 

71.53 

0.50 

0.71 

6.79 

71.38 

0.  40 

0.56 

6.39 

71.24 

0.  30 

0.42 

6.00 

71. 10 

0.20 

0.28 

5.77 

71.03 

0.  15 

0.21 

5.  18 

70.96 

0.  10 

0.  14 

4.52 

70.89 

0.05 

0.07 

3.74 

70.79 

3.98 

70.79 

3.  11 

70.71 

2.48 

X*  1 30 11 

72.11 

0.90 

1.31 

8.  38 

D= 1.445’ 

71.96 

0.80 

1.16 

7.99 

8.01 

71.82 

0.70 

1 . 02 

7.89 

71.53 

0.50 

0.73 

6.95 

71.38 

0.40 

0.58 

6.  71 

71.24 

0.30 

0.44 

6.26 

71.10 

0.20 

0.30 

5.91 

5.58  6.11 

71.02 

0.  15 

0.22 

5.  08 

70.95 

0.  10 

0.  15 

4.52 

70.88 

0.05 

0.08 

4.08 

70.  70 

3.66 

10.82 

2.54 

70.74 

3.  11 

X*140’ 

72.07 

0.90 

1.27 

8.  67 

D* 1.415’ 

71.93 

0.80 

1.13 

8.  12 

8.22 

71.79 

0.70 

0.99 

7.89 

71.51 

0.50 

0.71 

7.29 

71.37 

0.40 

0.57 

7.03 

71.22 

0.30 

0.42 

6.39 

71.08 

0.20 

0.28 

6.28 

5.72  5.91 

71.01 

0.  15 

0.21 

5.43 

70.94 

0.  10 

0.  14 

4.69 

70.87 

0.05 

0.07 

4.  14 

70.72 

0.73 

70.76 

•  * 

2.20 

70.84 

1.  16 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  #  88 

S=0. 01359 

Rock  size  2  m. 

Q=75  cts 

Temp.  73  F 

Thickness  6  in. 

Elevation 

Fraction 

Depth  Velocity 

Velocity  Velocity 

(ft) 

of  Depth 

2  ft/sec 

ft /sec  ft /sec 

(ft)  .DY  =1.33’ 

3Y=4.0’  5>Y=6. 67’ 

X=120’ 

72.06 

0.90 

1.24 

8.  70 

0*1.382’ 

71.93 

0.80 

in 

• 

CD 

H 

H 

• 

8.45 

71.79 

0.  70 

0.97 

8.  19 

71.51 

0.50 

0.  69 

7.68 

71.37 

0.40 

0. 55 

6.95 

71.24 

0.  30 

0.42 

6.51 

71.10 

0.20 

0.-28  5.91 

5.86  6 . 00 

71.03 

0.  15 

0.21 

5.  33 

70.96 

0.  10 

0.  14 

4.80 

70.89 

0.  05 

0.07 

4.46 

70.75 

1.04 

70.77 

2.64 

70.75 

0 . 00 

X=130’ 

72.05 

0.90 

1.24 

8.82 

D= 1.377’ 

71.91 

0.80 

1.10  8.54 

8.  19 

71.77 

0.70 

0.96 

7.96 

71.50 

0.50 

0.69 

7.58 

71.36 

0.  40 

0.55 

7.29 

71.22 

0.30 

0.41 

6.55 

71.08 

0.20 

0.28  6.26 

6 . 00 

71.01 

0.  15 

0.21 

5.43  6.26 

70.94 

0.  10 

0.  14 

4.75 

70.  88 

0.  05 

0.07 

4.33 

70.59 

0 . 73 

70.75 

3.28 

70.73 

4.27 

X=140’ 

72.02 

0.90 

1.22 

8.88 

0=1.356' 

71.88 

0.80 

1.08  8.22 

8.38 

71.75 

0.70 

0.95 

8.35 

71.48 

0.50 

0.68 

7.58 

71.34 

0.40 

0.54 

7.29 

71.21 

0.30 

0.41 

6.95 

71.07 

0.20 

0.27  6.17 

6.09  5.23 

71.00 

0.  15 

0.20 

5.58 

70.94 

0.  10 

0.  14 

5.08 

70.87 

0.05 

0.07 

4.27 

70.75 

1.64 

70.76 

3.36 

70.81 

2.83 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  *  89 
0=75  cfs 


S=0. 01565  Rock  size  2  in. 

Temp.  75  F  Thickness  6  in. 


Elevation  Fraction 
(•ft)  of  Depth 


X  =  1 30 ’ 
D=1 . 399’ 


72.0/ 

0.  90 

71.93 

0.  80 

71.79 

0.  70 

71.51 

0.  50 

71.37 

0.40 

71.23 

0.  30 

71.09 

0.  20 

71.02 

0.  15 

70.95 

0.  10 

70.88 

0.  05 

70.75 

70.  80 

Depth 

Vel oca  ty 

Vel oci ty 

Velocity 

Z 

ft /sec 

f t/sec 

f t/sec 

(ft) 

Y=1 . 33’ 

Y=4. 0” 

Y=6. 67' 

1.26 

9.  06 

1.12 

8.95 

9.03 

0.  98 

8.37 

0.  70 

7.72 

0. 56 

7.00 

0.  42 

6.71 

0.28 

6.22 

5.48 

5.67 

0.21 

4.91 

0.  14 

4.55 

0.07 

2.64 

2.54 


1.27 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  #  90 

S=0. 00866 

Rock  size 

2  in. 

Q=100  cfs 

Temp.  77 

F 

Thickness 

6  in. 

Elevation 

Fraction 

Depth 

Velocity 

Velocity 

Velocity 

(ft) 

of  Depth 

Z 

ft/s ec 

f t/sec 

f t/sec 

(ft) 

Y= 1 . 33’ 

Y=4.0’ 

Y=6. 67’ 

X=120’  72.45 

0.90 

1.63 

8.67 

8.75 

7.68 

D= 1 . 805  *  72.08 

0.  70 

1.26 

8 . 53 

8.01 

7.91 

71.72 

0.50 

0.  90 

7.99 

7.67 

7.  36 

71.54 

0.  40 

0.72 

7.27 

7.05 

7.05 

71.36 

0.30 

0.54 

6.  73 

6.63 

6.59 

71.18 

0.20 

0.36 

6.30 

6.08 

6.02 

71.09 

0.  15 

0.27 

6.24 

5.41 

71.00 

0.  10 

0.  18 

5.70 

5.  18 

5.02 

70.91 

0.  05 

0.09 

5.05 

3.74 

4.01 

70.75 

2.84 

0.00 

70.82 

2.74 

70.77 

1.37 

X*130’  72.44 

0.90 

1.63 

7.36 

8.82 

7.68 

0*1.816’  72.08 

0.70 

1.27 

7.47 

8.22 

7.82 

71.71 

0.50 

0.91 

6.99 

7.43 

7.51 

71.53 

0.40 

0.73 

6.51 

7.03 

7.06 

71.35 

0.30 

0.55 

5.81 

6.55 

6.39 

71.17 

0.20 

0.36 

5.48 

5.86 

5.67 

71.08 

0.  15 

0.27 

5.  13 

5.48 

5.  18 

70.99 

0.  10 

0.  18 

4.63 

4.86 

4.91 

70.  90 

0.05 

0.09 

2.93 

4.21 

3.44 

70.73 

0.  00 

70.75 

2.64 

70.72 

1.4? 

X  =  1 40 ’  72.43 

0.90 

1.62 

7.68 

8.82 

7.60 

D-1.B03’  72.06 

0.70 

1.26 

7.68 

8.27 

7.96 

71.70 

0.50 

0.90 

7.23 

7.  33 

7.68 

71.52 

0.40 

0.72 

7.  10 

6.95 

7.  14 

71.34 

0.  30 

0.54 

6.73 

6.61 

6.  53 

71.16 

0.20 

0.36 

5.60 

5.58 

5.97 

71.07 

0.  15 

0.27 

5.00 

5.  13 

5.26 

70.98 

0.  10 

0.  18 

4.77 

4.91 

4.  63 

70.89 

0.05 

0.09 

4.  14 

3.  15 

3.28 

70.77  3.28 

70.74  0.00 

70.78  1.16 


CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Rock  siz*  2  in 
Thickness  6  in 


RUN  #91  S=0. 00938 

0=100  cfs  Temp.  77  F 


3BSSSSSS 

eiaasassss: 

Elevation 

(ft) 

sanssssass 

Fraction 
o f  Depth 

sasaassa 

Depth 

Z 

<ft> 

ISS3BSSS3S 

Velocity 
ft/sec 
5>Y=.  133’ 

arcssssu 

Velocity 
f t/sec 
S>Y*4. 0’ 

taassssvaa 

Velocity 
ft/sec 
3>Y=6.  67’ 

X=120’ 

72.43 

0.90 

1.61 

7.86 

8.61 

7.96 

D=1 . 786’ 

72.07 

0.70 

1.25 

7.82 

8.32 

7.99 

71.71 

0.50 

0.89 

7.51 

7.58 

7.43 

71.53 

0.40 

0.71 

6.83 

7.06 

6.91 

71.36 

0.30 

0.54 

6.47 

6.34 

6.39 

71.18 

0.20 

0.36 

5.63 

5.91 

5.86 

71.09 

0.  15 

0.27 

5.38 

5.77 

5.48 

71.00 

0. 10 

0.  18 

4.52 

5.  23 

5. 12 

70.91 

0.05 

0.09 

3.59 

4.33 

4.08 

70.81 

1.04 

70.82 

4.  14 

70.79 

1.27 

X=130’ 

72.43 

0.90 

1.63 

7.79 

8.82 

7.82 

D=1.806’ 

72.07 

0.70 

1.26 

7.89 

8.  16 

8.  16 

71.71 

0.50 

0.90 

7.51 

7.68 

7.61 

71.53 

0.40 

0.72 

7.29 

7.47 

7.  18 

71.35 

0.30 

0.54 

6.83 

6.60 

6.51 

71.17 

0.20 

(ft) 

6.00 

5.72 

5.90 

71.08 

0.  15 

0.27 

5.28 

5.23 

5.58 

70.99 

0.  10 

0.  18 

4.91 

4.91 

4.57 

70.90 

0.05 

0.09 

4.33 

4.52 

3.80 

70.85 

3.73 

70.70 

1.04 

70.73 

2.07 

CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


RUN  *  92 

S«0. 01084 

Rock  size 

2  in. 

Q*100  c-fs 

Temp.  77 

F 

Thickness 

6  in. 

Elevation 

Fraction 

Depth 

Velocity 

Velocity  1 

Velocity 

(ft) 

of  Depth 

Z 

ft/sec 

ft /sec 

ft /sec 

(ft) 

3Y*. 133’ 

3Y*4. 0’ 

S)Y=6. 67' 

X=120’ 

72.36 

0.90 

1.54 

9.  18 

Dal. 714’ 

72. 19 

0.80 

1.37 

8.48 

8.45 

8.51 

72.02 

0.70 

1.20 

7.96 

71.68 

0.50 

0.86 

7.03 

71.51 

0.40 

0.69 

6.75 

71.33 

0.30 

0.51 

6.08 

71.16 

0.20 

0.34 

5.95 

5.72 

6.26 

71.08 

0.  15 

0.26 

5.08 

70.99 

0.  10 

0.17 

4.52 

70.91 

0.05 

0.  00 

70.71 

4.01 

70.84 

1.04 

70.72 

X*130’ 

72.37 

0.90 

1.56 

8.97 

D-1.733’ 

72. 19 

0.80 

1.39 

8.26 

8  •  35 

8.51 

72.02 

0.70 

1.21 

7.92 

71.67 

0.50 

0.87 

7.  14 

71.49 

0.40 

0.69 

6.59 

71.33 

0.30 

0.52 

5.81 

71.15 

0.20 

0.35 

6.22 

5.  38 

6.87 

71.07 

0.  15 

0.26 

5.02 

70.98 

0.  10 

0.  17 

4.46 

70.89 

0.05 

3.74 

70.82 

0.00 

70.74 

3.28 

70.78 

X»140’ 

72.32 

0.90 

1.52 

9.41 

0*1.685’ 

72. 15 

0.80 

1.35 

8.48 

8.70 

71.98 

0.70 

1.18 

8.91 

71.64 

0.50 

0.84 

8.  19 

71.47 

0.40 

0.67 

7.68 

71.31 

0.30 

0.51 

7.06 

71.14 

0.20 

0.34 

6.22 

5.86 

6.43 

71.05 

0.  15 

0.25 

5.53 

70.97 

0.  10 

0.  17 

4 . 63 

70.88 

0.05 

0.08 

•I)  a  88 

70.73 

2.20 

70.76 

3.36 

70.73 
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CORPS  OF  ENGINEERS  RIPRAP  PROJECT 


Run  #  93 

S»0.01 189 

Rock  size 

2  in. 

Q-100  cfs 

Temp.  75 

F  Thickness 

6  in. 

Elevation 

Fraction 

Depth 

Velocity  Velocity 

Velocity 

(ft) 

of  Depth 

Z 

ft/sec  ft/sec 

ft /sec 

- 

Oft) 

3Y=1 . 33’  S)Y=4. 0' 

3>Y*6. 67' 

X=120’ 

72.32 

0.90 

1.50 

9.55 

D-l . 663’ 

72.  15 

0.80 

1.33 

8.  32 

8.50 

71.98 

0.70 

1.  16 

8.97 

71.65 

0.  50 

0.83 

8.29 

71.49 

0.40 

0.67 

7.54 

71.32 

0.30 

0.50 

6.91 

71. 15 

0.20 

0.33 

6.02  6.22 

5.60 

71.07 

0.  15 

0.25 

5.72 

70.99 

0.  10 

0.  17 

5.43 

70.90 

0.  05 

0.08 

4.91 

70.75 

2.59 

70.75 

3.80 

70.76 

2.48 

X  =  1 30  •" 

72.35 

0.90 

1.54 

9.  15 

D= 1.714' 

72.  18 

0.80 

1.37 

8.32 

8.61 

72.01 

0.70 

1.20 

8.57 

71.60 

0.50 

0.80 

7.86 

71.49 

0.40 

0.69 

7.25 

71.32 

0.30 

0.51 

6.71 

71.15 

0.20 

0.34 

5.97  6.22 

6.22 

71.06 

0.  15 

0.26 

5.  58 

70.98 

0.  10 

0.  17 

5.28 

70.89 

0.05 

0.09 

4.21 

70.82 

1.55 

70.80 

3.66 

70.76 

1.79 

X* 1 40* 

72.34 

0.90 

1.55 

9.21 

D=1.716’ 

72. 17 

0.80 

1.38 

8.51 

8.73 

72.00 

0.70 

1.21 

8.61 

71.66 

0.50 

0.86 

8.02 

71.49 

0.40 

0.69 

7.43 

71.31 

0.30 

0.52 

6.71 

71.14 

0.20 

0.35 

6.06  5.91 

6.24 

71.06 

0.  15 

0.26 

5.43 

70.97 

0.  10 

0.  18 

4.75 

70.89 

0.05 

0.09 

4.08 

70.98 

4.33 

70.76 

2.54 

70.81 

1.  16 
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Run  #  94  S*0. 01300  Rock  size  2  in. 

Q»100  cfs  Tamp.  75  F  Thickness  6  in. 


Elevation  Fraction  Depth  Velocity  Velocity  Velocity 

(ft)  of  Depth  Z  ft/sec  ft/sec  ft/sec 

(ft)  S>Y»i.33’  S)Y*4.0’  3Y«6.67' 


X*12<T 
D= 1.572’ 


72.24 

0.90 

1.42 

10.00 

72.08 

0.80 

1.26 

9.21 

71.92 

0.70 

1.10 

9.21 

71.61 

0.50 

0.79 

8.67 

71.45 

0.40 

0.63 

8.29 

71.29 

0.30 

0.47 

7.33 

71.13 

0.20 

0.31 

6.63 

6.34 

71.06 

0.  15 

0.  24 

6.  22 

70.98 

0.  10 

0.  16 

5.72 

70.90 

70.73 

0.05 

0.08 

2.32 

5.  13 

70.76 

70.63 

2.93 

9.27 


6.55 


0.00 


APPENDIX  C 
VELOCITY  PROFILES 


Test 

Series 

# 

Riprap 

Size 

in. 

Riprap 

Thickness 

in. 

Run  Numbers 

I 

1 

2 

7,  23,  27,  31 

2 

1 

2 

37,  40,  41,  45 

3 

1 

3 

56,  57,  60,  64 

4 

2 

4 

67,  72,  74,  76 

5 

2 

6 

84,  88,  93 

">N 


1111  II 


General  Da tun 


VELOCITY  fps 
#  27  ,  Q=  100  c fs,  Y=4 


II  II  II 


4-^ 


General  Da tun 


2 

«  37 


4 

VELOCITY 
,  Q=  25  c 


r 


General  DatuM 


General  Datum 


VELOCITY  fps 
#  57  ,  Q=  25  cfs,  Y=4.0' 


II  II  II 


General  Datum 


VELOCITY  fps 
RUN  #  64  ,  Q=  100  cfs,  4 


II  II  II 


fit 


0  2  4  6  8 

VELOCITY  fps 

RUN  #  67  ,  Q=  50  cfs,  Y=4.0' 


4.^ 


General  Da tun 


2  4  6  8 

UELOCITV  fps 
72  ,  Q=  75  cfs,  X=130 


II II II 


General  Datum 


RUN  #  74 


UELOCITV  ips 
Q=  100  cfs,  7=4 


General  Da tan 


2 

#  74 


4  6 

VELOCITY  fps 

,  q=  iee  o£ s » 


8 

X=130 


General  Da tun 


8  2 
RUN  #  76 


4  6 

VELOCITY 
,  Q=  25  cfs 


8 

X=130 


Datum  at  GD-d50/2 


2 

*  76 


4  6 

UELOCI TV 
,  Q=  25  cfs 


8 


fps 

,  X=138 


General  Datum 


2 

84 


4  6  8 

VELOCITY  fps 
#  Q=  50  cfs,  Y=4. 


C 


Datum  at  GD-d50/2 


2  4  6  8 

VELOCITY  fp s 
84  ,  Q=  50  cfs,  V=4.0# 


Local  Datum 


0  2  4  6  8 

VELOCITY  fps 
RUN  ft  88  ,  Q=  75  cfs,  7=4 


ii  ii  ir 


Da tun  at  LD-d50/2 


4  6  8 

VELOCITY  fps 
Q=  75  cfs,  Y=4. 0'  LD 
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CHAPTER  1 


INTRODUCTION 


This  study  is  a  continuation  of  the  work  to  determine  the  point  of  incipient 
failure  and  other  hydraulic  characteristics  of  riprap  for  providing  design  criteria  of 
stable  riprap  in  flood  control  channels.  The  study  was  initiated  in  1981  at  Colorado 
State  University  (CSU),  by  and  in  cooperation  with  the  U.S.  Army  Corps  of 
Engineers,  Waterways  Experiment  Station  (WES),  Vicksburg,  Mississippi.  The 
previous  riprap  studies  were  conducted  on  flat  beds  and  results  were  presented  in 
three  reports.  The  first  report,  entitled,  "Stability  Tests  of  Riprap  in  Flood  Control 
Channels,"  was  prepared  by  A.  A.  Fiuzat,  V.  H.  Chen,  and  D.  B.  Simons,  in  October, 
1982.  The  second  report  was  entitled  "Supplemental  Stability  Tests  of  Riprap  in 
Flood  Control  Channels"  and  was  prepared  by  A.  A.  Fiuzat  and  E.  V.  Richardson  in 
December,  1983.  The  third  report,  entitled  "1985  Riprap  Tests  in  Flood  Control 
Channels"  was  prepared  by  J.  F.  Ruff,  A.  Shaikh,  S.  R.  Abt,  and  E.  V.  Richardson  in 
August,  1985. 

This  1987  report  presents  the  results  of  riprap  stability  testing  in  a  channel  with 

side  slope  of  2H:1V.  The  report  presents  the  results  of  three  series  of  tests 

involving  two  riprap  sizes.  The  riprap  have  a  median  diameter  of  dso  =  l  in.  and 

d  =  0.5  in.  The  d  =  1  in.  riprap  was  tested  with  two  bed  and  side-slope 
so  so 

thicknesses  of  2  in.  and  1.5  in.  The  d  =  0.5  in.  riprap  was  tested  only  with  a 

so 


thickness  of  0.75  in. 


CHAPTER  2 


EXPERIMENTAL  PROGRAM 

An  experimental  investigation  was  conducted  to  determine  the  failure  and 
incipient  failure  conditions  of  two  riprap  sizes  in  a  side-sloped  channel  under  a 
range  of  discharges.  The  exposure  of  the  filter  blanket  underneath  the  riprap  was 
the  failure  criteria.  The  run  with  the  next  lower  flume  slope  prior  to  the  failure  run 
was  regarded  as  the  "incipient  failure"  run.  The  following  sections  describe  the 
apparatus,  materials,  and  procedures  used  in  this  study. 

2.1  Experimental  Setup 

The  riprap  tests  were  conducted  in  a  tilting  flume  200  ft  long,  8  ft  wide,  and  4 
ft  deep.  The  flume  is  constructed  primarily  of  aluminum  sides  and  bottom.  A 
portion  of  the  left1  side  of  the  flume  is  made  from  acrylic  plastic  to  allow 
observation  of  a  part  of  the  section  under  study.  The  channel  side-slope  was 
constructed  on  the  right  side  of  the  flume  from  plywood  and  dimension  lumber.  A 
schematic  diagram  of  the  flume  with  channel  side  slope  is  shown  in  Figure  2.1. 

The  90  ft  long  channel  with  a  2H:1V  side- slope  was  constructed  from  Station  80 
to  Station  170.  The  channel  is  divided  in  three  sections:  a  50  ft  long  test  section,  a 
20  ft  long  entrance  section,  and  a  20  ft  long  exit  section  as  shown  in  Figure  2.1.  A 
20  ft  long  transition  connects  the  vertical  wall  of  the  flume  to  the  channel 
side-slope  from  Station  60  to  Station  80. 


aLeft  and  right  refer  to  the  observer's  left  and  right  side  as  the  observer  looks 
downstream. 
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STATION 


Figure  2.1  Schematic  Drawing  of  the  Channel 


Photographs  of  the  channel  during  construction  and  after  placing  the  riprap  are 

shown  in 

Figure  2.2.  A  photograph  of  the  flume  during  operation  is  shown  in  Figure  2.3. 

Figure  2.4  shows  the  photograph  of  the  d  =  1  in.  riprap  after  a  test.  The  dark 

so 

objects  in  the  photograph  are  the  painted  rocks. 

The  channel  was  constructed  and  the  riprap  placed  in  the  following  method: 

1.  The  channel  side-slope  was  constructed  with  plywood  and  dimensional 
lumber. 

2.  Longitudinal  wooden  strips  2  in.  high  and  1  in.  thick  were  attached  to  the 
side-slope  at  approximately  1.2  ft  intervals  as  shown  in  Detail  "A"  in 
Figure  2.1.  These  strips  were  used  as  the  support  for  the  sand  which  later 
was  placed  on  the  side-slope.  Wooden  supports  also  were  placed  at  the 
downstream  end  of  the  channel  and  at  the  left  corner  of  the  flat  bed. 

3.  A  2  in.  thick  layer  of  plaster  sand  was  placed  on  the  side  and  bottom  of 
the  channel  and  compacted. 

4.  A  layer  of  Typar  filter  blanket  was  placed  on  the  sand  surface  and  stapled 
to  the  supports  on  the  side-slope  and  flat  bed. 

5.  Riprap  was  placed  by  hand  in  the  channel  to  the  desired  thickness  using  a 
template  to  achieve  a  uniform  rock  thickness  throughout  the  channel. 

6.  A  wooden  support  template  was  placed  at  the  downstream  end  of  the 
channel  flush  with  the  riprap  surface  to  prevent  the  riprap  from  sloughing 
off  the  end  of  the  section  as  shown  in  Figure  2.1 . 

7.  The  riprap  in  the  entrance  and  transition  section,  Station  70  to  95,  was 
covered  with  a  wire  mesh  (chicken  wire)  to  prevent  riprap  failure  that 
could  result  from  entrance  flow  conditions. 
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(b)  After  Placing  the  Riprap  on  the  Top  of  Filter  Blanket 
Figure  2.2  Photographs  of  the  Channel 


Fig.  2.3  Photograph  of  the  Flume  During  Operation 
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2.2  Teat  Variables 

Tests  are  conducted  at  various  slopes  for  a  specified  discharge  to  determine  the 
incipient  failure  conditions  of  the  riprap  material.  The  experimental  variables  are 
riprap  median  size  (d  ),  riprap  thickness,  and  discharge  as  presented  in  Table  2.1. 

SO 

A  summary  of  the  tests,  including  bed  and-water  surface  slope,  water  temperature, 
area  washed,  and  test  duration  are  presented  in  Chapter  3. 


T  ABLE  2. 1  Test  Variables 


Test 

Series 

# 

Median 

Size 

(in) 

Riprap 

Thickness 

(in) 

Discharge 

cfs 

Run 

1 

1 

2 

15,  20,  30,  40,  50 

l  -  35 

2 

1 

1.5 

15,  20,  30,  40,  50 

36  -  50 

3 

0.5 

0.75 

15,  20,  30,  35,  40 

1  -  23 

2.3  Material 

Crushed  limestone  was  used  as  the  riprap  material.  The  specific  gravity  of 
both  the  d  a  1  in.  rock  and  d  -  0.5  in.  rock  is  2.68.  The  gradation  of  the  riprap 

90  90 

material  tested  is  shown  in  Figure  2.5  and  is  compared  with  the  ETL  1 1 10  -  2  -  120 
gradation  recommended  by  the  Corps  of  Engineers.  To  determine  the  riprap 
gradation,  samples  of  the  in-place  riprap  at  three  locations  along  the  channel  were 
collected  and  a  sieve  analysis  was  conducted  for  each  individual  sample,  the  results 
were  averaged  to  obtain  the  riprap  gradation  for  each  riprap  sice,  for  d^s  i  in. 
riprap  with  i.5  in.  thickness,  only  one  sample  was  analyzed.  The  gradation 
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In.  thick 
in.  thick 


Figure  2.5  Gradation  of  In-place  Riprap 


analyses  were  performed  before  beginning  a  test  series. 

The  riprap  material  meets  the  shape  criteria  of  the  Army  Corps  of  Engineers. 
These  criteria  are  found  in  C.O.E.  Report  EM  1 1 10-2-1601,  1970  and  are 
summarized  as: 

1.  The  stone  shall  be  predominantly  angular  in  shape. 

2.  No  more  than  25%  of  the  stones  reasonably  well  distributed  throughout  the 
gradation  shall  have  length  more  than  2.5  times  the  breadth  or  thickness. 

3.  No  stone  shall  have  a  length  exceeding  3.0  times  its  breadth  or  thickness. 

2.4  Testing  Procedure 

The  tests  were  conducted  systematically  to  determine  when  incipient  failure 
of  the  riprap  occurred.  For  each  riprap  size,  thickness,  and  discharge  presented  in 
Table  2.1  the  testing  procedure  was  as  follows: 

1.  A  "failure  slope"  for  a  given  discharge  is  estimated  from  the  results  of 
previous  riprap  studies. 

2.  The  flume  is  set  at  a  slope  slightly  less  than  the  estimated  failure  slope. 

3.  The  desired  discharge  is  routed  through  the  test  channel  starting  with  a 
larger  water  depth  than  the  uniform  depth  for  the  selected  discharge  and 
slope. 

4.  The  water  depth  is  reduced  in  the  test  section  to  the  uniform  flow  depth  by 
gradually  opening  the  tailwater  control  gate.  Trials  are  made  to  set  the 
water  surface  slope  as  close  as  possible  to  the  bed  slope.  It  was  not 
possible  to  set  the  water  surface  slope  equal  to  the  bed  slope  because  of 
small  waves  on  the  water  surface.  The  tailwater  depth  is  set  to  prevent 
failure  of  the  riprap  at  the  downstream  end.  The  water  depth  in  the 
channel  is  always  less  than  or  equal  to  the  channel  depth  (H)  shown  in  Sec. 
B-B  of  Figure  2.1. 
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5.  Tests  are  conducted  for  2  to  4  hours  after  establishing  the  flow  as  uniform 
as  possible.  Water  surface  elevations,  water  depths,  velocity  profiles, 
discharge,  and  water  temperature  are  measured  during  each  test.  Tests 
are  terminated  at  any  time  that  riprap  failure  is  observed. 

6.  If  riprap  failure  is  not  observed  during  or  after  a  test  run,  the  flume  slope 
is  increased  by  a  small  increment  and  a  new  test  is  performed.  The  flume 
slopes  and  corresponding  discharges  that  were  tested  are  presented  in 
Chapter  3.  This  procedure  is  continued  until  riprap  failure  is  observed.  If 
riprap  fails  in  the  first  trial,  the  flume  slope  is  decreased  by  a  small 
increment  and  the  test  is  repeated.  This  reduction  in  slope  continues  until 
no  washed  areas  are  observed  and  a  stable  condition  exists.  Before  starting 
a  new  test,  the  riprap  surface  is  reshaped  to  the  original  shape  of  the 
channel. 

7.  The  washed  areas  when  observed  are  measured  and  mapped  at  the  end  of  a 
test  run. 

A  series  of  tests  were  conducted  to  force  the  riprap  failure  to  occur  on  the 
channel  side-slope.  During  these  tests  the  bed  was  stabilized  using  chicken  wire  to 
prevent  movement  of  the  riprap  on  the  bed.  Tests  were  conducted  until  failure  of 
the  riprap  occurred  on  the  side-slope  of  the  channel. 

Tests  also  were  performed  to  observe  the  effect  of  time  on  channel  riprap 
stability.  The  channel  was  subjected  to  flow  for  periods  of  6  to  8  hours  at  flow  and 
slope  combinations  considered  to  be  stable  during  the  2  to  3  hour  normal  test  periods. 

2.5  Data  Collection  Program 

The  data  collected  include  bed  and  water  surface  elevations,  discharge, 
velocity  profiles,  water  temperature,  and  the  size  and  locations  of  areas  washed 
free  of  riprap  where  the  underlying  filter  blanket  was  exposed.  The  velocity  data 
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were  collected  using  pitot-static  tubes.  Velocity  profile  traverses  were  taken  at 
several  locations  in  the  cross  sections  throughout  the  test  section.  Specific  traverse 
locations  are  listed  for  each  run  in  the  Appendix.  Bed  and  water  surface  elevations 
were  established  using  a  surveying  level.  The  bed  slope  was  determined  directly 
from  the  elevations  at  the  top  of  the  flume  wail.  The  wall  top  is  parallel  to  the 
flume  floor.  Water  surface  slope  was  determined  by  measuring  the  water  surface 
profile  with  a  foot  gage  and  then  converting  the  gage  reading  to  an  elevation. 
Elevations  of  the  foot  gage  at  different  locations  were  established  by  surveying  with 
the  level. 

Two  sizes  of  pitot- tubes,  a  3/8  in.  O.D.  and  a  1/4  in.  O.D.  pitot  tubes,  were 
used  to  collect  the  velocity  data.  The  3/8  in.  pitot  tube  was  connected  to  a  water 
manometer  and  velocity  heads  were  recorded  directly  from  the  manometer.  The  1/4 
in.  pitot  tube  was  connected  to  a  pressure  transducer  ,  a  transducer  indicator,  and  a 
digital  voltmeter.  The  3/8  in.  pitot  tube  was  used  in  runs  n  1  to  25  of  the  d^  =  1 
in.  riprap  and  the  1/4  in.  pitot  tube  was  used  in  all  other  tests. 

Prior  to  the  tests,  strips  of  riprap  were  painted.  The  painted  rocks  were  used 
to  better  observe  the  movement  of  the  riprap  and  to  detect  failure  or  deformation 
of  the  riprap  layer.  Different  colors  were  used.  At  the  end  of  a  test  run,  the 
locations  of  the  painted  rocks  were  observed  and  recorded. 


CHAPTER  3 


EXPERIMENTAL  RESULTS 

A  summary  of  the  tests  conducted  is  presented  in  Tables  3.1  to  3.3  for  the 
three  series  of  tests.  The  summary  Tables  contain  discharge,  bed  slope,  water 
surface  slope,  average  depth,  average  velocity,  water  temperature,  area  washed, 
test  duration  and  percentage  of  colored  rock  moved.  The  failure  runs  and  incipient 
failure  conditions  are  indicated  in  the  summary  Tables.  The  areas  washed  on  the 
bed  and  on  the  side-slope  are  presented  in  separate  columns  in  the  summary  Tables. 
Velocity  profile  traverses  are  taken  at  several  locations  in  the  cross  sections  at 
Stations  120,  130,  and  140.  Specific  locations  for  each  run  are  given  in  the  Appendix. 
3.1  Remarks 

The  following  are  explanatory  remarks  for  the  tests  summarized  in  Tables  3.1 
to  3.3.  These  remarks  will  explain  the  selection  of  the  point  of  incipient  failure  of 
the  riprap  material  tested. 

A.  General  Remarks 

1 .  A  run  was  considered  to  be  a  "failure  run"  when  the  underlying  filter 
blanket  was  exposed  in  the  test  section  during  the  run  or  the  blanket 
was  observed  after  the  run  during  dewatering. 

2.  For  a  given  discharge,  the  run  with  the  next  lower  flume  slope  prior 
to  the  failure  run  was  regarded  as  the  "incipient  failure  run". 

3.  If  a  riprap  failure  appeared  to  be  the  result  of  local  weakness  of  the 
riprap  or  local  geometry  imperfection  of  the  channel,  the  riprap  or 
the  channel  was  reshaped  and  the  test  was  repeated.  An  example  is 
run  #6  in  Table  3.1  which  had  a  washed  area  of  1.6  ft2  at  Station 
101.  This  failure  was  believed  to  result  from  a  localized  thin  layer 
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T»bl»  3.1  Suttery  of  the  T**ti  Strict  II;  Riprap  d50«l.0  in.  and  Thickness*2.0  in 
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Tabic  3.2  Succary  of  the  Tests  Serin  12;  Riprap  d50«l  in.  and  Thickness»1.5  in. 
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Table  3.1  (Continued) 

Notes: 

(R 1 )  means  repeating  run  9  1 

f  Failure  of  riprap 

%  Incipient  failure  conditions 

i .  T ests  with  longer  time  period 

**  In  run  #8  slumping  of  side-slope  occurred  along  the  top  from  Station 
98  to  131  and  from  Station  136  to  142;  not  included  in  the  area  washed. 
Other  Remarks 

In  run  9k  failure  occurred  at  the  exit  section  because  of  low  tailwater. 

In  run  96  failure  occurred  because  of  low  riprap  thickness  at  Station  101. 

In  run  9 23  failure  occurred  because  of  local  geometry  imperfection  of  the 
channel  side-slope. 

In  runs  99  and  #25  failure  occurred  because  of  local  detachments  and 
subsequent  projection  of  the  wooden  strip  from  beneath  the  filter  blanket 
during  the  test. 
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Tail  3.3  Suaairy  of  thi  Toot*  Sirin  13;  Riprap  d50«0.3  in.  and  Thickniss«0.73  in. 
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of  the  riprap  at  the  failure  location.  The  riprap  thickness  was 
increased  to  match  the  rest  of  the  bed  and  the  test  was  repeated  in 
run  #7.  Run  #7  did  not  fail  and,  therefore,  the  runs  #6  and  7  were 
considered  to  be  incipient  failure  runs  since  run  #5  at  a  slope  of 
0.01300  had  failure  of  the  riprap. 

4.  The  lower  discharge  limit  was  set  at  13  cfs  for  ail  test  series.  The 
upper  discharge  limit  was  determined  by  setting  the  water  depth 
less  than  or  equal  to  the  side- sloped  channel  depth  when  the  bed 
slope  was  about  the  slope  at  the  incipient  failure  condition.  The 
upper  limit  discharge  for  d#o  =  1  in.  riprap  was  50  cfs  and  for  d^  = 
0.5  in.  riprap  was  40  cfs. 

5.  When  testing  with  the  upper  limit  discharges,  the  riprap  on  the 
side-slope  slumped  at  the  top  of  the  side-slope.  This  slump  exposed 
a  strip  area  of  blanket  at  the  top  of  the  side-slope.  This  area  of  the 
underlying  filter  blanket  that  was  exposed  was  not  considered  as  the 
area  washed.  Additional  slumping  of  the  riprap  was  not  observed 
after  replacing  the  riprap  on  the  slumped  areas  in  each  test  series. 

6.  A  higher  proportion  of  the  riprap  failure  (area  washed)  occurred  on 
the  bed  as  indicated  in  Tables  3.1  to  3.3. 

b.  Bamirht  on  Twt  SilBt.il 

Test  series  #1  involved  riprap  with  d  *1.0  in.  and  a  layer  of  riprap  2  in. 

so 

thick.  Discharges  ranged  from  15  to  50  cfs. 

1.  Most  of  the  riprap  failure  (area  washed)  occurred  on  the  bed  and  not 
on  the  side-slope  as  indicated  in  Table  3.1. 

2.  Run  #1  was  repeated  in  run  #2  to  collect  velocity  data  at  Stations 
120  and  140  which  were  not  collected  during  run  #1. 
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3.  The  riprap  failure  in  run  #6  was  a  result  of  low  riprap  thickness  at 
Station  101.  The  test  was  repeated  in  run  #7  after  increasing  the 
riprap  to  the  correct  thickness  at  the  failure  location.  Riprap 
failure  was  not  observed  at  the  end  of  run  #7. 

4.  The  riprap  failure  in  run  #23  was  because  of  the  local  geometry 
imperfection  of  the  channel  side -slope.  The  channel  was  reshaped 
and  the  test  repeated  in  run  #24  which  showed  no  failure. 

5.  In  runs  #9  and  #25,  the  riprap  failed  on  the  side-slope  because  of 
local  detachment  and  subsequent  projection  of  the  wooden  strip 
from  beneath  the  filter  blanket  during  the  test. 

The  remarks  for  the  tests  performed  with  longer  period  of  time  and  with  the 
stabilized  bed  will  be  discussed  later  in  this  section. 

C.  Remarks  on  Test  Seriea  #2 

Test  series  #2  involved  riprap  with  d  *  1.0  in.  and  riprap  layer  thickness  of 

90 

1.5  in.  Discharges  ranged  from  15  to  50  cfs. 

1.  Riprap  failures  generally  occurred  on  the  bed  as  indicated  in  Table 

3.2. 

2.  Runs  #49  and  50  are  a  continuation  of  run  #48  without  reshaping  the 
riprap.  The  exposed  area  of  the  blanket  that  was  observed  in  run 
#48  was  covered  by  rocks  during  run  #49  and  run  #49  did  not  show 
any  riprap  failure.  After  run  #50,  riprap  failure  was  observed  at  a 
location  different  than  the  failure  location  observed  in  run  #48. 

Test  series  #3  involved  riprap  with  d  *  0.5  in.  and  riprap  layer  thickness  of 

•o 

0.75  in.  Discharges  ranged  from  15  to  40  cfs. 
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1.  Riprap  failures  occurred  both  at  the  bed  and  at  the  side-slope  as 
indicated  in  Table  3.3. 

2.  The  riprap  failure  in  runs  #3  and  4  occurred  at  the  entrance  section 
which  was  because  of  a  higher  bed  slope  of  the  transition  section. 
The  transition  section  was  reshaped  and  run  #5  was  conducted  which 
indicated  a  stable  riprap  layer. 

3.  Run  #2  was  repeated  in  run  #21  with  a  higher  water  surface  slope 
which  showed  riprap  failure  at  a  few  locations  on  the  side -slope 
with  a  total  area  washed  of  less  than  0.1  ft*. 

4.  Run  #13  was  repeated  in  run  #14  at  a  higher  water  surface  slope. 
The  riprap  failed  in  run  #14. 

5.  The  bed  slope  required  to  achieve  a  stable  riprap  for  discharges 
higher  than  30  cfs  was  relatively  low  and  it  was  difficult  to  set  the 
water  surface  slope  close  to  the  bed  slope. 

3.2  Rock  Movement  Ob— rvation 

To  observe  the  rocks  movement,  the  riprap  was  painted  in  strips  on  the 
side-slope  and  on  the  channel  bed  as  shown  in  Figure  3.1.  On  the  side-slope, 
longitudinal  strips,  about  2  feet  long  and  1.2  feet  apart,  were  painted  at  stations 
120,  130,  and  140.  On  the  bed,  the  transverse  strips  of  painted  rocks  were  across 
the  bed  at  stations  120  and  140.  The  colored  rocks  for  the  bed  were  first  painted 
and  then  placed  in  strips.  The  total  weight  of  the  colored  rocks  for  each  strip  was 
determined  before  each  test.  After  each  test, the  colored  rocks  that  were  moved 
during  the  test  were  collected  air  dried,  and  weighed.  The  percentage  of  the 
colored  rocks  that  were  moved  are  presented  in  Tables  3.1  and  3.2. 

For  incipient  failure  runs,  from  19%  to  49%  of  the  bed  colored  rocks  were 
moved  downstream.  Some  of  the  colored  rocks  moved  a  distance  of  30  feet,  from 
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Station  120  to  the  downstream  end  of  the  channel,  Station  170.  Typical  pattern  of 
the  colored  rocks  after  movement  are  shown  in  Figures  3.2  and  3.3.  The  colored 
rocks  on  the  side-slope  moved  downslope  and  downstream  as  shown  in  Figure  3.4. 

3.3  Tests  with  Longer  Period  of  Time 

Three  of  the  tests,  which  showed  appreciable  rock  movement  but  not  failure, 
were  repeated  for  6  to  8  hours  to  check  if  the  riprap  would  fail  after  longer  testing 
times.  These  tests  are  run  #  26,  27,  and  28  that  are  identified  by  "L"  in  Table  3.1. 
Only  in  run  #27,  with  40  cfs  flow  rate  and  0.8%  slope,  did  the  riprap  fail  after  6 
hours  of  testing.  The  test  at  40  cfs  and  0.8%  slope  was  a  unique  test.  This  test  was 
repeated  three  times  (run  #  23,  24,  and  27).  A  small  wash  area  (0.65  ft*)  was 
observed  at  run  #23.  The  test  was  repeated  (run  #24)  and  the  riprap  did  not  fail. 
The  riprap  failed  at  run  #27  after  6  hours  of  testing.  Therefore,  the  test  with  40  cfs 
and  0.8%  slope  is  considered  a  "failure  test*. 

The  incipient  failure  runs  #8  and  #22  in  Table  3.1  were  repeated  in  runs  #28  and 
26,  with  7  and  8  hours  testing  time,  respectively.  The  riprap  did  not  fail  at  7  and  8 
hours  of  testing  time  in  runs  #28  and  26. 

3.4  Tests  With  Stabilized  Bed 

The  first  series  of  tests  showed  that  the  riprap  mostly  failed  at  the  bed  and  not 
at  the  side  slope  of  the  channel.  To  determine  the  conditions  of  riprap  failure  at  the 
side  slope,  the  channel  bed  was  stabilized  and  seven  more  tests  (runs  #29  to  35)  were 
performed.  The  channel  bed  was  stabilized  by  placing  and  fixing  a  wire  mesh 
(chicken  wire)  on  the  bed.  In  the  tests  with  the  stabilized  bed,  the  transverse  strips 
of  painted  rocks  were  placed  on  the  side- slope  at  Stations  125  and  135.  The  results 
showed  that  for  a  given  discharge,  a  greater  bed  slope  was  necessary  to  fail  the 
riprap  on  the  side- slope  than  the  riprap  on  the  bed. 
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Figure  3.2  Locations  of  the  Colored  Rocks  Moved  From  the  Painted  Strip  at  Station  120. 
Test  Run  #18,  Q  -  30  cfs,  d  =  1  in..  Thickness  =  2  in. 


Figure  3.3  Locations  of  the  Colored  Rocks  Moved  From  the  Painted  Strip  at  Station  140 
Test  Run  #18,  Q  ■  30  cfs,  dCrt  =  1  in..  Thickness  ■  2  in. 


CHAPTER  4 


OATA  ANALYSIS 

4.1  Calculation  of  Manning's  Roughness  Factor 

The  overall  and  bed  (riprap  surface)  Manning's  roughness  factor  is  calculated 
using  the  following  equations: 


n 


1.49 
=  Q 


(4.1) 


"b  *  ‘  5  1 


it a 


(4.2) 


where 

n,  n. ,  n  ,  s  Manning's  roughness  factor  for  the  channel  (overall),  bed  (riprap 

D  W 

surface),  and  wall  respectively 


=  discharge  in  cfs, 

s  channel  slope  In  ft/ft, 

3  wetted  perimeter  of  channel 

s  wetted  perimeter  for  beo 

3  wetted  perimeter  for  walls 

3  hydraulic  radius  of  channel 

3  hydraulic  radius  for  bed 

3  hydraulic  radius  for  walls 
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w  +  3.2360  in  ft, 
w  +  2.2360  in  ft, 
0,  in  ft, 

A/p,  in  ft, 

Ab/pb’ in  ft’ 
Aw/pw» in  ft' 


w  s  channel  width  a  4  ft, 

D  =  water  depth  in  ft,  and 

A,  A.,  A  s  flow  cross-sectional  area  for  the  channel,  bed  and  wall, 

b  w 

respectively  in  ft. 

For  development  of  Equation  4.2  see  .references  3,  4,  and  3. 

Substituting  the  values  of  p^  *  w  =  4  ft,  p^  =  D,  and  n^  =  0.012  (for  smooth 
painted  wall  and  Plexiglas,  Chow,  1959,  p.  1 10-11 1)  in  Equation  4.2  results  in: 


n 


b 


n3/a  p  -  (Q.012),/a  ffli 
1  4  +  2.2360  J 


(4.3) 


Values  of  n  and  n^  are  calculated  using  both  flume  bed  slope  and  water  surface  slope 
and  are  presented  in  Tables  4.1  to  4.3.  The  average  value  of  n  for  djo  a  1  in.  riprap 
is  0.022  and  for  d  *  0.5  in.  riprap  is  0.020.  The  average  value  of  n.  for  d  a  1  in. 
riprap  is  0.023  and  for  d  a  0.5  in.  riprap  is  0.022. 

90 

4.2  Calculation  of  Shields'  Coefficient 

The  Shields  coefficient,  C,  is  defined  as  (Simons  and  Senturk,  1977,  P.  409) 


C 


'  *w*.o 


(4.4) 
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Table  4.1  Calculation  of  Manning's  and  Shields'  Coefficients  for  1.0  in.  Riprap  2.0  in.  Thick 


l\ 

| 

! 

1 

« 

l 

J 

i==.§! 

2255552 

52*5 

2222 

225*5255 

*5555 

2252225 1 

ilaSS] 

m  m  m  m 

•  •  •  • 

i 

••••••• j 

s 

-  r 

J  23  a 

SSS5S55 

5555 
•  •  •  • 

5555 

•  •  •  • 

55555555 

: 

555*5 

•  •••• 

5555*5*  : 

••••••• 

I5f  ..i 

5555255 

5525 

5555 

55255555 

55522 

85552** 

a,iji 

•  m  m  m 

m  m  m  • 

••••••• 

urn 

ij 

.53  .2  1 

essxntM 

SMI? 
•  ••• 

•  •  •  • 

a*aa*aaa 

nans* 

I  ?  «  ?  S  S  8 

555122* 

5**1 

2222 

22222522 

52255 

2252222 

liilSi 

•  •  •  • 

•  ••• 

••••••• 

hii* 

5555555 

5555 

m  m  m  • 

5555 

•  •  •  • 

S55S5SSS 

55555 
•  •  •  •  • 

5555555 

i  _  _ 

■  *  J  •  « 

SSSS555 

5555 

5555 

58855555 

55585 

5555555 

f  ii  j 

•  •  •  • 

•  •  •  • 

•  .  .  •  . 

••••••• 

? 3SS3333 

♦  •  i  §  •  « 

* 

lllJV 

ixssss: 

ana* 
...  - 

na»* 
•  ••• 

anassaa* 

aaaaa 
•  •••• 

If**! 

8883333 

SU8 
«  •  «  # 

«s; 

«  0  n  n 

RC83=*3* 

***** 

4*83*38* 

3 

M 

I  t 

ssssaaa 

53  9  3 
•  ••• 

sen 

•  ••• 

SKMtie: 

33**8 

*3333*3* 

112-1 

g 

Ml- 

sli 

93SXR&X 

saais 

^  #4  « 

*»*» 

8*33*833 

3333* 

«  •  •  •  • 

’3SXCES8 

..Is 

*8388*8 

4  0  •  « 

•  •  •  • 

aasa 

3**5833* 

33388 

jssaaaas 

lljr 

“ 

3 

M 

5. 

SSCCXSX 

*M® 

ssst 

RS3K38R5 

*33*3 

2&S33RS* 

It-5 

.... 

-•  —  —  —  — 

- - 

3 

a  J  x 
ill- 

liiiiil 

ifli 

•  ••  w 

MM 
•  •  •  • 

iiiiiiii 

MMi 
•  •  •  •  • 

Iiiiiiii 

MMMt 

if- 

lillill 

fill 
•  •  •  • 

iiU 
•  ••• 

iiiliiii 

MMi 
•  •  •  •  • 

l- 

3  5  2  9 

3  3  3  S 

S&S8S8S& 

•-s  =  s 

s 

^a*naa*a 

& 

^  «»  «» 

m  0» 

•  »  0  ^  ^ 

^  ^ 

r  ». . «.  — 
i 

j-S 

S  S  5  S  S  9  9 

zzzz 

aaaa 

33333333 

33333 

*8888333 

i 

26 


I  ftilmt  ciallliMf  iMfif*  M2)  I.IM 
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Fttlwc  c»aditim 
lacipini  fiilwt  uMitim 


Uli  4.3  CilnliliH  *f  ■uaiaf'i  ui  ShialOt'  Caaff iciaata  far  0.9  ia.  lifrif,  0.79  ia.  Ibid 
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F«iUrc  caaOitiaai 
lacipiaat  failure  caaOitiaaa 


where 


x  =  Yw  RS  =  boundary  shear  stress  in  psf , 
R  s  hydraulic  radius  in  ft, 

S  s  channel  slope  in  ft/ft, 

Yw  =  unit  weight  of  water  in  lb/ft*/ 

Ys  =  specific  weight  of  rocks  in  lb/ft*,  and 
d  =  riprap  median  size  in  ft. 

90 

Substituting  y  RS  for  t,  Equation  4.4  becomes: 

W 


Yw  R5  RS 

c  *  <f,  -  v)d,«  3  <•  -  (4-5) 

where 

s  =  Ys  /yw  » is  the  specific  gravity  of  the  riprap  material. 

Values  of  C  are  calculated  using  both  the  water  surface  slope  and  bed  slope  and 
are  presented  in  Tables  4.1  to  4.3.  Values  of  C  and  boundary  Reynolds  number  ( R* ) 
for  incipient  failure  runt  are  presented  in  Tables  4.4  to  4.6  for  the  three  test  series. 
The  boundary  Reynolds  number,  R»,  is  defined  as: 


R 


W  * 


d  JgRsT 
v 


(6.6) 
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Table  4.4  Incipient  Failure  Shields’  Coefficients  for  t.D  in.  Rixap.  2.0  in.  Thick 
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Table  4.S  Indpirt  Failure  Shields'  Coeffcients  for  t.O  in.  Riprap,  1.5  in.  Thick 
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cfs  IS  S  ft  ft  foe  C  R^  C  R.  i 


15 

39 

0.01087 

0.01090 

0.70 

0.52 

4.60 

0.041 

3555 

0.041 

3560 

20 

41 

0.00891 

0.00832 

0.89 

0.63 

4.58 

0.040 

3543 

0.038 

3424 

30 

43 

0.00607 

0.00482 

1.27 

0.83 

4.48 

0.036 

3356 

0.028 

2991 

40 

46 

0.00402 

0.00408 

1.62 

0.99 

4.38 

0.028 

2983 

0.029 

50 

47 

0.00310 

0.00287 

1.85 

1.08 

4.63 

0.024 

2736 

0.022 

2633 

Table  4.6  Incipient  Failure  Shields'  Coefficients  for  0.5  in.  Rlprao,  0.75  in.  Thicx 
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SHIELDS'  COEFFICIENT  RS/(s-l)d 


where  U»  is  the  shear  velocity  in  fps  and  \>  is  the  kinematic  viscosity  in  ft  3 /sec. 
The  C  values  for  incipient  failure  runs  calculated  using  the  bed  slope  are  plotted  on 
the  Shields'  diagram  (Simons  and  Senturk,  1977)  as  presented  in  figure  4.1.  All  C 
values  are  below  the  Shields'  curve  as  shown  in  Figure  4.1. 


Figure  4.1  The  Shields'  Diagram.  Bed  Slope  is  Used  co  Calculate  Shields' 
Coefficients  and  Boundary  Reynolds  Number. 
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CHAPTER  5 


SUMMARY 

A  total  of  73  tests  were  conducted  on  two  sizes  of  riprap  in  a  2H:  IV  side-siope 
channel.  One  riprap  material  had  ad  s  1  in.  and  was  tested  with  thicknesses  of  2 

SO 

in.  and  1.5  in.  The  other  riprap  had  ad  a  0.5  in.  and  was  tested  with  a  thickness 

so 

of  0.75  in.  Flow  rates  were  15,  20,  30,  40,  and  50  cfs  for  the  djo  =  1  in.  riprap  and 
15,  20,  30,  35,  and  40  cfs  for  the  d  =  0.5  in.  riprap.  For  each  riprap  and  each  flow 

SO 

rate  the  bed  slope  of  the  channel  was  increased  by  small  increments  until  the  riprap 
failed.  The  exposure  of  the  filter  blanket  underneath  the  riprap  was  the  failure 
criterion.  The  run  with  the  next  lower  channel  slope  prior  to  the  failure  run  was 
considered  to  be  the  incipient  failure  run. 

Summaries  of  the  tests  are  presented  in  Tables  3.1  to  3.3  and  the  detailed 
velocity  data  are  presented  in  the  Appendix.  Values  of  Manning's  roughness  factors 
and  Shields'  coefficients  for  all  runs  are  calculated  and  presented  in  Tables  4.1  to 
4.3.  The  Manning's  roughness  factor  of  the  riprap  surface  for  d  si  in.  riprap  is 

SO 

0.023  and  for  d  =  0.5  in.  riprap  is  0.022.  The  Shields'  coefficients  for  incipient 
so 

failure  runs  are  presented  in  Tables  4.4  to  4.6.  The  lower  values  of  Shields 
coefficient  are  for  higher  discharges.  The  ranges  of  Shields'  coefficients  are: 

C  *  .036  to  .047  for  d  a  l  in.,  2  in  thick  riprap 

SO 

C  a  .024  to  .041  for  d  a  l  in.  1.5  in.  thick  riprap 

SO 

C  a  .014  to  .039  for  d  a  0.5  in,  0.75  in  thick  riprap 

SO 
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Riprap  movement  was  observed  using  painted  rocks.  Strips  of  riprap  were 
painted  with  different  colors  prior  to  the  tests.  At  the  end  of  each  test  run,  the 
locations  of  the  painted  rocks  were  observed  and  recorded.  The  rock  detached  from 
the  bed  moved  in  a  path  generally  straight  (town  the  channel.  Rocks  detached  from 
the  side  slope  moved  at  an  angle  down  the  channel  side  slope  until  they  reached  the 
bed.  The  rocks  then  were  swept  downstream  but  remained  near  the  toe. 

Three  tests  designated  as  incipient  failure,  were  conducted  for  time  periods  of 
six  to  eight  hours  to  observe  the  influence  of  the  flow  on  the  riprap  for  longer 
times.  The  riprap  did  not  fail  in  two  of  the  three  runs. 

Several  tests  also  were  conducted  with  a  stabilized  bed  to  determine  the 
conditions  of  riprap  failure  on  the  side -slope.  The  results  showed  that  for  a  given 
discharge,  a  greater  bed  slope  was  necessary  to  fail  the  riprap  on  the  side-slope  than 
the  riprap  on  the  bed. 

For  djo  a  1  in.  rock,  the  riprap  failure  generally  occurred  at  the  bed  and  not  at 
the  side-slope.  For  d  a  0.5  in.  rock,  the  riprap  failed  both  at  the  bed  and  at  the 

SO 

side-slope  with  the  higher  portion  of  the  area  washed  occurring  at  the  bed.  The 
areas  washed  on  the  bed  and  on  the  side-slope  are  presented  in  Tables  3.1  to  3.3. 
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APPENDIX 


VELOCITY  DATA 


VELOCITY  DATA 


The  notations  used  in  the  appendices  are  as  follows: 


Q 

= 

discharge,  cfs 

X 

= 

station  along  the  flume,  starting  at  the  upstream  end  of  the 
flume,  ft 

Y 

= 

distance  across  the  flume  from  the  right  wall  of  the  flume,  ft 

Z 

= 

depth  at  which  velocity  was  measured,  vertical  distance 
above  the  bottom,  ft 

Rock  Size 

= 

the  median  size  or  d  of  the  riprap,  in. 
so 

Thickness 

= 

thickness  of  the  riprap,  in. 

Temp. 

s 

water  temperature,  °F 
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2.93 

70.773  | 

0.33 

0.40 

4.21  | 

0.29 

3.02  || 

70.914 

0.25 

2.54 

70.690  | 

0.25 

0.30 

3.70  | 

0.21 

2.88  || 

70.794 

0.13 

2.20 

70.607  | 

0.17 

0.20 

3.23  | 

0.13 

2.32  || 

70.680 

0.02 

0.00 

70.524  | 

0.08 

0.10 

2.64  | 

0.04 

2.14  || 

70.483  | 

0.04 

0.05 

1.72  | 

0.00 

1.64  || 

70.441  | 

9.00 

0.00 

1 

II 

70.391  | 

1.16  | 

i 

Average  Velocity 

4.08  | 

3.36  || 

2.56 

71.281  | 

0.91 

1.00 

1 

0.79 

II 

71.261 

0.52 

X»140' 

71.119  | 

0.74 

0.90 

5.31  | 

0.71 

4.63  || 

71.207 

0.46 

3.98 

71.023  | 

0.57 

0.70 

4.94  | 

0.55 

4.21  l| 

71.116 

0.37 

3.81 

70.859  | 

0.41 

0.50 

4.63  | 

0.38 

3.81  || 

71.028 

0.28 

3.36 

70.777  | 

0.33 

0.40 

4.30  I 

0.30 

3.70  || 

70.935 

0.19 

3.02 

70.695  | 

0.25 

0.30 

4.14  | 

0.22 

3. IS  || 

70.822 

0.08 

2.43 

70.613  | 

0.16 

0.20 

3.59  | 

0.14 

2.64  || 

70.760 

0.02 

3.47 

70.531  | 

0.08 

0.10 

1.87  | 

0.06 

2.64  || 

70.490  | 

0.04 

0.05 

1.79  I 

0.02 

2.59  || 

70.452  | 

0.00 

0.52  | 

II 

70.449  1 

0.00 

0.00 

I 

II 

70.490  | 

I 

0.02 

2.59  || 

I 

Average  Velocity 

4.16  | 

3.65  || 

3.06 

CORPS  OF 


ENGINEERS 


RIPRAP 


PROJECT 


fir  1 3  Sad  Slop**  0.01003  Rock  Site*  1  In.  Sid*  slow  2:1 

>15  cfs  NKar  Surf  sc*  S'oor  0.00929  TMdfWB*  2  in.  Taw.  74  F 


1 

Location  Y*6.0' 

1 

Location  YM. O'  || 

Location  Y=3.5' 

1 

Elanttal 

i 

Oapth  Fraction  Velocity  | 

1! 

Oaoth  Valceity  || fixation  Oapth  Velocity 

(ft)  | 

l.  ft 

of  Oapth 

ft/sac  | 

l.  ft 

ft/**  || 

(ft) 

l,  ft 

ft/sac 

71.228  | 

0.79 

1.00 

0.79 

II 

71.228 

0.52 

JC120’ 

71.158  | 

0.72 

0.90 

5.73  | 

0.72 

4.69  || 

71.173 

0.47 

3.90 

70.998  | 

0.56 

0.70 

4.91  | 

0.56 

4.20  || 

71.086 

0.38 

3.81 

70.838  | 

0.40 

0.50 

4.56  | 

0.40 

3.90  || 

70.998 

0.29 

3.36 

70.757  | 

0.32 

0.40 

4.41  | 

0.32 

3.55  || 

70.910 

0.20 

3.28 

70.677  | 

0.24 

0.30 

4.01  | 

0.24 

2.91  || 

70.801 

0.10 

2.88 

70.S97  | 

0.16 

0.20 

3.18  | 

0;16 

2.54  || 

70.722 

0.02 

2.01 

70.557  | 

0.12 

0.15 

3.11  | 

0.12 

2.45  || 

70.517  | 

0.08 

0.10 

2.43  | 

0.08 

2.14  || 

70.477  | 

0.04 

0.05 

2.01  | 

0.04 

1.72|| 

70.437  | 

0.00 

0.00 

I 

II 

1 

AMraga  Velocity 

4.25  | 

S 

r> 

3.12 

71.179  | 

0.72 

1.00 

1 

0.72 

II 

71.192 

0.56 

X»130* 

71.108  | 

0.64 

0.90 

5.63  | 

0.63 

4.89  || 

71.157 

0.52 

4.10 

70.966  | 

0.50 

0.70 

5.45  | 

0.49 

4.(3  || 

71.060 

0.42 

3.84 

70.824  | 

0.36 

0.50 

4.72  | 

0.35 

4.16  || 

70.963 

0.33 

3.47 

70.753  | 

0.28 

0.40 

4.57  | 

0.28 

3.95  || 

70.866 

0.23 

3.02 

70.682  | 

0.21 

0.30 

4.14  | 

0.21 

3.28  || 

70.7a 

0.11 

2.14 

70.611  | 

0.14 

0.20 

3.66  | 

0.14 

3.18  || 

70.653 

0.02 

1.67 

70.578  | 

0.11 

0.15 

3.47  | 

0.10 

2.59  || 

70.540  | 

0.07 

0.10 

3.23  | 

0.07 

2.41  || 

70.505  | 

0.04 

0.05 

3.02  j 

0.03 

1.X  || 

70.485  | 

0.02 

0.02 

1.47  | 

II 

70.469  f 

0.00 

0.00 

1 

II 

70.491  | 

1 

0.02 

1.47  || 

1 

Mraga  Velocity 

4.56  | 

3.82  || 

3.04 

71.2)9  | 

0.79 

1.00 

1 

0.79 

II 

71.218 

0.52 

X*140' 

71.149  | 

0.72 

0.90 

5.67  | 

0.71 

4.69  || 

71.163 

0.47 

3.93 

70.990  | 

0.56 

0.70 

5.23  | 

0.56 

4.40  || 

71.075 

0.38 

3.66 

70.831  | 

0.40 

0.50 

4.93  | 

0.40 

3.95  || 

70.987 

0.29 

3.47 

70.751  | 

0.32 

0.40 

4.47  | 

0.32 

3.55  || 

70.899 

0.21 

2.96 

70.672  | 

0.24 

0.30 

4.20  | 

0.24 

3.05  || 

70.789 

0.10 

1.64 

70.592  | 

0.16 

0.20 

3.55  | 

0.16 

2.43  || 

70.710 

0.02 

0.00 

70.552  | 

0.12 

0.15 

3.15  | 

0.12 

1.72  || 

70.513  | 

0.08 

0.10 

2.07  | 

0.08 

1.47  || 

70.473  | 

0.04 

0.05 

1.37  | 

0.04 

1.16  || 

70.433  | 

0.00 

0.00 

1 

II 

70.451  | 

1 

0.02 

0.00  !| 

|  Mraga  Velocity  4.37  | 


3*5  || 


2.80 


CORPS  OF 


PROJECT 


tali  Sod  Skou  0.01201  Tap  72  P  fecit  da*  1  In.  Sldi  step  2:1 

QMS  efi  few  Sdn  Slow*  0.01127  Ttrlctao*  2  In. 


1 

Locatioi  YU.0’ 

1 

Load  an  M.0'  || 

location  r»3.5’  | 

Lociti®  r*3.5'  | 

location  Y*3.3' 

ElMtfonl 

i 

OUCh  Freeti®  Velocity  | 

It  l 

Ouch  velocity  ||E1**ti®  Ouch  Velocity  |E1evet1ai 

1 

Outh  Velocity  |  Elevation 

Outh 

Velocity 

(ft)  1 

2,  ft  of  Ouch 

ft/MC  | 

l,  ft 

ft/ue  ||  (ft) 

j  j 

l,  ft 

ft/**  | 

(ft) 

l.  ft 

ft/eee  |  (ft) 

I.  ft 

ft/uc 

71.171  | 

0.75 

1.00 

1 

0.50 

||  71.171 

0.56 

i 

71.171 

0.U 

1 

|  71.171 

0.42 

JW20' 

71.111  | 

0.00 

0.50 

0.05  | 

0.50 

4.50  ||  71.122 

0.51 

4.05  | 

71.125 

0.43 

4.30  |  71.133 

0.30 

3.01 

70.957  | 

0.54 

0.70 

5.71 1 

0.U 

4.15  ||  71.015 

0.41 

4.43  | 

71 .044 

0.35 

4.13  |  71.004 

0.34 

3.06 

70.103  | 

0.30 

0.50 

5.20  | 

0.25 

4.33  ||  70.510 

0.31 

4.11  | 

70.5U 

0.27 

3.00  |  71.035 

0.25 

3.44 

70.720  | 

0.31 

0.40 

4.53  | 

0.21 

3.57  ||  70.112 

0.20 

3.04  | 

70.002 

0.15 

3.47  |  70.SU 

0.21 

3.32 

70.040  | 

0.23 

0.30 

4.53  | 

0.13 

3.31  ||  70.705 

0.10 

3.30  | 

70.001 

0.11 

3.20  |  70.537 

0.15 

3.02 

70.572  | 

0.15 

0.20 

3.50  | 

0.00 

2.04  ||  70.025 

0.02 

2.51 1 

70.710 

0.02 

2.U  |  70.765 

0.02 

2.32 

70.534  | 

0.12 

0.15 

3.25  | 

II 

1 

1 

70.495  | 

0.00 

0.10 

2.10  | 

II 

1 

1 

70.473  | 

0.05 

0.00 

2.04  | 

II 

1 

1 

70.410  | 

1 

0.00 

0.00 

1 

1 

II 

II 

1 

1 

1 

1 

1 

tarapUkeity 

4.01  j 

II 

4.04  ii 

3.05  { 

1 

3.62  | 

3.00 

71. ISO  | 

0.72 

1.00 

1 

0.70 

li 

1 

71.156 

0.54 

1 

X»130' 

71.070  | 

0.04 

0.50 

0.15) 

0.02 

5.13  || 

1 

71.122 

0.51 

4.00  | 

70.030  | 

0.50 

0.70 

0.02  | 

0.40 

4.03  11 

1 

71.010 

0.0 

4.01  | 

70.705  | 

0.30 

0.50 

5.37  | 

0.34 

4.10  || 

1 

70.550 

0.31 

3.55  | 

70.724  | 

0.21 

0.U 

5.10 ) 

0.27 

3.7«|| 

1 

70.075 

0.26 

2.60  | 

70.053  | 

0.21 

0.30 

4.03  | 

0.20 

3.47  || 

1 

70.753 

0.10 

2.37  | 

70.512  | 

0.14 

0.20 

4.15  | 

0.12 

0.0*11 

1 

70.00 

0.02 

1.04  | 

70.SU  | 

0.11 

0.15 

3.50| 

0.05 

*.#ll 

1 

1 

70.511  | 

0.07 

0.10 

3.20  | 

0.05 

2.20H 

1 

1 

70.175  | 

0.03 

0.05 

2.10  | 

0.02 

1.75H 

1 

1 

70.440  | 

0.00 

0.00 

1 

1! 

1 

1 

70.433  | 

2.07  | 

II 

1 

1 

70.174  | 

1 

1.72  11 

i 

«verep  Ukrtty 

5.01 1 

3.15  ii 

i 

2.56  j 

71.170  | 

0.72 

1.00 

1 

0.74 

II 

i 

71.170 

o.u 

1 

*140' 

71.110  | 

0.05 

0.50 

5.72  | 

O.ff 

♦.till 

i 

71.120 

0.43 

4.27  | 

71.071  | 

0.51 

0.70 

5.17  | 

0.53 

4.17  || 

i 

71.052 

0.35 

4.10  | 

70.021  | 

0.30 

0.50 

4.50  | 

0.30 

0.27  || 

i 

70.577 

0.20 

3.U  | 

70.753  | 

0.25 

0.40 

4.71  | 

0.31 

3.00  II 

i 

70.501 

0.20 

3.47  | 

70.001  | 

0.22 

0.30 

4.20! 

0.24 

3.22|| 

i 

70.000 

0.10 

2.U  | 

70.000  | 

0.15 

0.20 

4.01  | 

0.17 

2.30  II 

i 

70.710 

0.02 

1.04  | 

71.072  | 

0.11 

0.15 

3.00  | 

0.13 

2.23  11 

i 

1 

70.531  | 

0.07 

0.10 

3.33  | 

0.05 

2.1*  II 

i 

1 

70.400  | 

0.04 

0.05 

2.04  | 

0.00 

1.07  11 

i 

1 

70.411 1 

0.01 

2.55  | 

II 

i 

1 

70.403  | 

0.00 

0.00 

1 

II 

i 

1 

70.450  | 

1 

0.02 

2.37  11 

i 

1 

I 

tarep  Velocity 

4.50  | 

3.52  ii 

i 

3.35  j 

ItalS 
>15  efs 


Bsd  Stepp  0.81300 
MW  5rfn  Stepp  0.01077 


Tap  74  F 


tak  flip  1 1n. 
TWdw  2  In. 


S1d»  stepp  2:1 


1 

locttlm  IN.  O' 

1 

lociclcn  Y*6.0'  || 

i 

Lotion  7» 3.7'  | 

Loeitlen  7*3.5’  | 

Locstlcn  7*3.3' 

1 

Elmac1cn| 

Ospth  Freetfon  Velocity  | 

n  i 

Ospth  Velocity  ||El»ist1«| 

1 

Ospth  Velocity  | 

1 

Ospth  Velocity  | 

Ospth  Velocity 

(ft)  1 

I.  ft  of  Ospth 

ft/ssc  1 

1.  ft. 

ft/PE  || 

(ft)  i 

I.  ft 

ft/ssc  | 

I.  ft 

ft/ssc  | 

Z.  ft 

ft/ssc 

71.13$  i 

0.56 

1.8 

1 

0.66 

II 

71.18  | 

0.56 

1 

0.66 

i 

0.8 

JM20' 

71.092  1 

0.66 

0.8 

6.8  | 

0.8 

$.8  || 

71.072  | 

0.66 

5.8  | 

0.8 

6.69  | 

0.29 

3.66 

70.950  | 

0.50 

0.70 

$.8  | 

0.66 

S.8|| 

70.967  | 

0.37 

6.8  | 

0.27 

6.8  | 

0.1* 

3.67 

70.109  | 

0.8 

0.8 

$.8  | 

0.31 

6.8  || 

70.81  | 

0.27 

6.33  | 

0.17 

3.8  | 

0.07 

3.8 

70.730  | 

0.8 

0.60 

5.8  | 

0.26 

6.10  || 

70.755  | 

0.16 

3.67  | 

0.8 

3.8  | 

70.657  | 

0.21 

0.30 

6.8  | 

0.17 

3.8  || 

70.650  | 

0.8 

2.59  | 

1 

70.596  | 

0.16 

0.8 

1.53  | 

0.10 

3.8|| 

70.610  | 

0.8 

2.8  | 

1 

70.510  | 

0.11 

0.15 

6.19  | 

0.07 

2.56  || 

70.711  | 

1 

0.8 

2.56  | 

70.525  | 

0.07 

0.10 

3.8  | 

0.8 

2-22  II 

70.68  | 

1 

1 

0.8 

2.8 

70.109  | 

0.06 

0.8 

3.8  | 

II 

1 

1 

1 

70.673  | 

0.02 

0.8 

3.60  | 

II 

1 

1 

1 

70.656  | 

0.00 

0.8 

1 

II 

1 

1 

1 

70.510  | 

1 

0.8 

2.8|| 

1 

1 

1 

1 

Amp  VPtecIty 

5.8  | 

6.19  ii 

1 

3.8  i 

3.71  i 

2.93 

71.150  | 

0.71 

1.8 

1 

0.67 

II 

71.18  | 

0.5* 

1 

0.50 

1 

0.8 

*■13#* 

71.017  | 

0.63 

0.8 

6.8  | 

0.8 

5.8  || 

71.81  | 

0.50 

6.8  | 

0.66 

6.8  | 

0.8 

6.1* 

70.929  | 

0.61 

0.70 

6.13  | 

0.65 

6.79H 

8.972  | 

0.8 

6.8  | 

0.8 

6.07  | 

0.17 

2.91 

70.790  | 

0.8 

0.8 

5.67  | 

0.31 

6.27  || 

8.83  | 

0.27 

3.91  | 

0.21 

3.8  | 

0.8 

2.16 

70.710  | 

0.8 

0.60 

6.8  | 

o.a 

3.8|| 

8.736  | 

0.15 

3.8  | 

0.8 

2.20  | 

70.661  | 

0.21 

0.8 

<■52 1 

0.17 

3-75  II 

8.615  | 

0.8 

2.8  | 

1 

70.579  1 

0.16 

0.8 

6.8  | 

0.10 

2.5»  II 

8.68  | 

0.8 

2.8  | 

1 

70.566  | 

0.11 

0.15 

3.79  | 

0.07 

2.07  || 

8.68  | 

1 

0.8 

1.66  | 

70.509  | 

0.07 

0.10 

3.8  | 

0.8 

1-55  || 

8.917  | 

1 

1 

0.8 

1.16 

70.676  | 

0.06 

0.8 

2.8  | 

II 

1 

1 

1 

70.660  | 

0.00 

2.8  | 

II 

1 

1 

1 

70.639  | 

0.00 

0.8 

1 

II 

1 

1 

1 

70.696  | 

1 

0.8 

1.67  || 

1 

1 

1 

1 

Amp  Velocity 

5.15  1 

3.96  i| 

1 

3.8  i 

3.66  | 

2.97 

71.16#  | 

0.72 

1.8 

1 

0.8 

II 

71.169  | 

0.57 

1 

0.8 

1 

0.37 

PUT 

71.071  | 

0.66 

0.8 

9.8  | 

0.8 

5.8  || 

71.80  | 

0.51 

$.12  | 

0.67 

6.8  | 

0.31 

3.91 

70.929  | 

0.8 

0.70 

5.8  | 

0.60 

5.8  || 

8.98  | 

0.60 

6.8  | 

0.8 

6.1*  | 

0.20 

3.66 

79.78  | 

0.8 

0.8 

5.8  | 

0.8 

6.52|| 

8.98  | 

0.29 

6.69  | 

0.25 

3.76  | 

0.N 

1.8 

70.716  | 

0.8 

0.60 

5.8  | 

0.19 

3.8  || 

8.83  | 

0.1* 

3.61  | 

0.16 

3.1$  | 

70.662  | 

0.21 

0.8 

6.8  | 

0.12 

2.9«  II 

8.81  | 

0.8 

2.8  | 

1 

70.571  | 

0.16 

0.8 

6.19  | 

9.8 

2.97  II 

8.58  | 

0.8 

1.8  | 

1 

70.58  | 

0.11 

0.15 

3.8  | 

0.01 

1.79  || 

8.68  | 

1 

0.8 

1.66  | 

70.68  | 

0.07 

0.10 

3.8  | 

II 

70.86  | 

1 

1 

0.8 

0.90 

70.6*6  | 

0.06 

0.8 

2.79  | 

II 

1 

1 

1 

79.651  | 

0.02 

0.02 

2.63  | 

II 

1 

1 

1 

79.68  | 

0.8 

0.8 

1 

II 

1 

1 

1 

70.58  | 

1 

0.01 

m\ 

m 

1 

1 

*29  II 


3.99 


3.57 


|  Amp  Velocity  5.0t  | 


2.91 


Unit 

015  cf» 


M  Skpo  0.01237 
MM r  %rhca  STcm  0.00901 


Tap  12  f 


tail  rla»  1  in. 
TMdnwn  2  in. 


SI*  (tan  2:1 


ElMClonj 
(ft)  | 

Loorlot  H.O*  |  lariat  in. o'  ||  |  lariat  *3.4'  ( lariat  *3.6'  |  lariat  *3.4' 

1  II  1  1  1 

!*oth  Fncrtai  tolcelty  |  Oaach  *1oclty  |  |ElMt1at|  Oapcti  velocity  |  Onttt  Vtladty  |  Oapch  Vtladty 

Z.  ft  of  0*th  ft/«e  |  I.  ft  ft/M  ||  (ft)  |  Z.  ft  fr/aae  |  Z.  ft  h/m  |  Z.  ft  ft/ne 

ii. m  j 

0.69 

1.00 

i 

1 

0.(2 

M  I 
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